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In  tbe  composition  of  this  work  the  author  has  had  in  view  the 
satisfaction  of  those  who  dedre  to  obtain  a  knowledge  of  the  elements 
of  physics  without  pursuing  them  through  their  mathematical  conse- 
quences and  details.  The  methods  of  demonstration  and  iUustration 
have  accordingly  been  adapted  to  such  readers. 

The  present  yolume  will^  it  is  hoped;  be  understood,  without  diffi- 
culty, by  all  persons  of  ordinary  education;  and  may;  with  some  aid 
from  the  teacher,  be  with  advantage  placed  in  the  hands  of  pupils  in 
the  higher  classes  of  the  schools  for  either  sex. 

The  work  has  been  also  composed  with  the  object  of  supplying 
that  information  relating  to  physical  and  mechanical  science;  which  is 
required  by  the  Medical  and  Law  Student;  the  Engineer;  and  Artisan, 
by  those  who  are  preparing  for  the  uniyersitieS;  and;  in  fine,  by  thosCf 
whO;  having  already  entered  upon  the  active  pursuits  of  business;  are 
still  demrous  to  sustain  and  improve  their  knowledge  of  the  general 
truths  of  physicS;  and  of  those  laws  by  which  the  order  and  stability 
of  the  material  world  are  maintained. 

I    The  second  course  will  contain  Heat,  Electricity;  Magnetism;  and 
Astronomy. 
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PA0PERTIE8   OF   MATTBA. 


CHAPTER  L 

DIVISION  OF  THE  SUBJECT. 

1.  The  material  world,  the  bodies  which  ooinp<Me  it,  and  the!r 
qualities  and  properties,  form  ihe  subjects  of  contemplation  ioid  in 
qniry  to  the  natural  philosopher. 

Among  these  properties,  the  most  important  Jure  the  foUdlring  :— 

1.  Maonttttds  and  Form. 

2.  States  or  AqoreoaTiok. 

3.  Imfenstrabilitt. 

4.  DlYISIBILITT. 

5.  PoaosiTT  and  Densitt. 

6.  CoMPEZSSIBILITT  and  GONT&AOTIBILIty. 

7.  Elastioity  and  Dilatabiutt. 

8.  iBAcnyiTT. 

9.  SpEcmo  Pbopebties. 

We  shall  theiefore,  in  the  jwesent  hook,  eMjUain  aad  iUnstcOft 
these  gnaliiMw 
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9.  Surfaces  are  boanded  bj  lines.  Thus  the  rarfaoe  of  this  page 
k  hoanded  by  foar  straight  Hues,  forming  its  edges ;  the  surface  uf  a 
circle  is  bouDdcd  by  the  iiue  called  its  circumfereoce. 

10.  Magnitude  is  unlimiied  as  well  in  Us  increase  as  in  its  dlml 
mUioiL 

There  is  no  magnitade  so  great,  that  we  cannot  oonoeive  a  greater; 
lod  Dooe  so  small,  that  we  cannot  conceive  a  smaller. 

The  diameter  of  the  earth  measures  about  8000  miles ;  but  it  is 
lery  small  compared  to  the  diameter  of  the  sun,  which  measures 
soirij  900,000  miles ;  and  this,  again,  is  itself  Tery  small  compared 
with  the  distance  between  the  earth  and  the  sun,  which  measures 
Bttle  less  than  100,000,000  of  miles;  and  even  this  last  space,  great 
ai  it  is,  vanishes  to  nothing,  compared  with  the  distance  between  the 
mi  lod  the  fixed  stars. 

11.  In  like  manner,  there  is  no  limit  to  the  diminution  of  which 
Bmitode  is  susceptible. 

There  is  no  line  so  small,  that  it  may  not  be  bisected,  or  halved, 
or  redooed,  in  any  desired  proportion. 

Let  P  1  Cfig'  i-)  ^  A  ^®  0^  ADJ  proposed  length,  as  for  example, 
the  tenth  of  an  inch. 

Draw  P  o  at  right  angles  to  it,  and 
a  line  1,  10  parallel  to  P  o.  Take 
upon  this  line  distances  1, 2,  S,  4,  &c. 
successively  equal  to  P  o :  the  line  o  2 
will  cut  off  half  P  I ;  o  3  will  cut  off 
one-third  of  p  1 ;  o  4  will  cut  off  one- 
fourth  of  it;  o  5  one-fifth,  and  so  on. 
Now,  as  there  is  no  limit  to  the  num- 
ber of  equal  parts  that  may  be  taken  successively  on  the  parallel 
1, 10,  80  there  is  no  fraction  so  minute,  that  a  more  minute  one  may 
not  be  cut  from  the  line  P 1. 


CHAP.  ra. 

STATES  OF  AGGBEOATION. 

12.  Bodies  consist  of  parts  similar  to  the  whole.  —  All  bodies  con-, 
Hi  of  component  parts,  similar  in  their  qualities  to  the  whole,  and' 
into  which,  as  will  presently  be  shown,  they  are  separable  or  divisible. 
Thus,  a  mass  of  metal  may  be  reduced  to  powder,  by  filing,  grinding, 
tnd  a  variety  of  other  expedients ;  each  particle  of  this  powder  will 
have  the  same  qualities  as  the  entire  mass  of  metal  of  which  it  con- 
tlituted  a  part 
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IMPENETRABIUTY.  29 

lb  thk  expanaon  there  is  no  practical  limit;  each  a  piston  maj 
k  indefinitely  nisedy  producing  an  indefinitely-increased  space  in  the 
gliader  under  it,  and  the  air  will  still  continue  to  expand^  so  as  to 
fll  this  space  to  whatever  extent  it  be  increased. 

19.  Ckker  gaataus  examples,  —  Atmospheric  air,  as  will  be  seen 
hfeafter,  is  by  no  means  the  only  example  of  bodies  in  the  gaseous 
fcrm.  Innumerable  Yarieties  of  such  bodies  are  found  existing  in 
the  material  world,  and  still  greater  varieties  result  from  the  cxpcri- 
■eitil  operations  of  the  natural  philosopher  and  the  chemist. 

20.  The  Mome  body  may  exist  in  either  state.  —  There  are  nu- 
Berou  bodies  which  may  exist  in  any  of  these  three  states  of  solid, 
fiqoid,  or  gas,  according  to  certain  physical  conditions,  which  will  bo 
explained  hereafter;  and  analogy  renders  it  probable  that  all  bodies 
whatever  may  assume,  under  different  conditions,  these  several  states. 

21.  Waier  an  example.  —  Water  affords  a  familiar  example  of 
this :  as  ice  exists  in  the  solid  state,  as  water  in  the  liquid  state,  and 
It  steam  in  the  gaseous  state. 


CHAP.    IV. 

IMPENETRABILITY. 

22.  Ml  matter  impenetrahle.  —  Impenetrability  is  the  quality  in 
virtiie  of  which  a  body  occupies  a  certain  space,  to  the  exclusion  of 
tU  other  bodies.  This  idea  ia  so  inseparable  from  matter,  that  some 
Writers  affirm  that  it  is  nothing  but  matter  itself;  that  is,  that  when 
Wt  lay  that  a  bodv  is  impenetrable,  we  merely  say  that  it  is  a  body. 

However  this  be,  the  existence  of  this  quality  of  impenetrability 
is  ho  evident  as  to  admit  of  no  other  proof  than  an  appeal  to  the 
leuMS  and  the  understanding.  No  one  can  conceive  two  globes  of 
lead,  each  a  foot  in  diameter,  to  occupy  precisely  the  same  place  at 
the  tame  time.  Such  a  statement  would  imply  an  absurdity,  mani. 
fest  to  every  understanding. 

23  Gaseous  bodies  impenetrable.  —  Even  bodies  in  the  gaseouh 
form,  the  most  attenuated  state  in  which  matter  can  exist,  possess 
thii  quality  of  impenetrability  as  positively  as  the  most  hard  and 
dense  substanoes. 

24.  Air  an  example.  —  If  we  invert  a  common  drinking  gloss, 
tad  plunge  its  mouth  in  water,  the  water  will  be  excluded  from  the 
glass,  in  spite  of  the  pressure  produced  by  the  weight  of  the  external 
water ;  because  the  air  which  filled  the  ghjss  at  the  moment  of  im- 
mersion is  atiU  in  it,  and  its  presence  is  incompatible  with  that  of 
an  J  other  body. 
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It  18  trae,  however,  that  in  this  case  the  water  will  rise  a  little 
abote  the  mouth  of  the  glass;  but  this  efiect  arises  not  from  the 
penetrability  of  the  air,  but  from  another  quality,  viz.  its  oompresa- 
bility,  which  we  shall  presently  explain. 

25.  Examples  of  apparent  penetrability  explained.  —  The  nu- 
merous examples  of  apparent  penetration  which  will  present  them- 
selves to  all  observers  are  only  oases  of  displacement. 

26.  Walking  through  the  air.  —  If  we  walk  through  the  atmos- 
phere, our  bodies  may  be  said  in  one  sense  to  penetrate  it ;  but  thej 
do  so  only  in  the  same  manner  as  they  would  penetrate  a  liquid  in 
'passing  through  it  •  They  displace,  as  they  move,  as  much  air  as  it 

equal  to  their  own  bulk. 

27.  Solid  plunged  in  liquid.  —  If  a  cambric  needle  be  plunged 
in  a  glass  of  water,  it  might  appear  to  the  common  mind  that  pene- 
tration took  place;  but  it  is  evident  that  the  needle  displaces  a 
quantity  of  water  precisely  equal  to  its  own  bulk,  and  if  we  had  the 
me^  of  measuring  with  the  necessary  precision  the  position  of  the 
sumce  of  the  water  in  the  glass,  we  should  find  that  on  plunging  the 
needle  in  the  liquid  the  sur&ce  rises  through  a  space  corresponding 
precisely  to  a  quantity  of  water  equal  in  volume  to  the  bulk  of  the 
needle. 


CHAP.  V. 

DIVISIBILITY. 

28.  JHoiiibility  unlimiied.  —  As  all  bodies  consist  of  parts  which 
aro  simiUur  in  their  qualities  to  the  whole,  a  question  arises  whether 
there  is  any  limit  to  their  subdivision  or  comminution.  Are  there, 
in  shorty  any  ultimate  particles  at  which  the  process  of  division  must 
oease  ?  or,  to  speak  more  correctly,  are  there  any  ultimate  particles 
so  oonstatttted  that  any  further  division  would  resolve  them  into  parts 
differingin  quality  from  the  entire  mass  ? 

29.  JVater.  Its  %iUimate  atoms  compound.  —  To  make  our  mean- 
inff  understood,  let  us  take  the  example  of  the  most  common  of  all 
Bubstances,  water.  The  disooveries  of  modem  chemistry  have  dis- 
closed the  fact  that  water  is  a  compound  body,  formed  by  the  com- 
oination  of  two  gases,  called  oxygen  and  hydrogen.  These  gases,  in 
their  sensible  properties  and  appearance,  are  similar  to  atmospheric 
air,  and  have  never  separately  assumed  the  liquid  form;  but,  by 
certain  means  which  will  be  explained  in  a  future  part  of  this  work, 
they  may  be  made  to  combine  and  coalesce,  and  when  so  combined 
thej  form  water, 
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Henoe  it  ia  oertnin  that  the  liquid,  water,  consiats  of  ultimate  par- 
ticles, or  moleooles,  as  thej  are  sometimes  called ;  which  molecules 
are  composed  of  particles  of  the  two  gases  aboye  mentioned  combined 
together. 

30.  Water  neverlheleu  divisible  without  practical  limit,  —  Now, 
the  question  is,  can  water  be  practically  so  minutely  divided  that  its 
particles  admit  of  no  further  subdiyision,  save  and  except  that  which 
would  resolve  them  into  their  constituent  gases^  oxygen  and  hydrogen  ? 

To  this  it  is  answered,  that,  although  the  procera  of  subdivision 
may  be  carried  to  an  extent  which  has  no  practical  limit,  yet  that  by 
no  process  of  art  or  science  have  we  ever  even  approached  to  those 
ultimate  constituent  atoms  which  admit  of  no  other  division  save 
decomposition. 

31.  Other  bodies  likewise  divisible  without  practical  limit.  — Nor 
is  this  unlimited  divisibility  and  comminution  peculiar  to  water.  It 
is  common  to  all  substances,  whether  solid,  liauid,  or  gaseous.  They 
may  all  be  reduced  to  particles  of  the  most  unlimited  minuteness,  and 
yet  each  of  Uiese  minute  particles  will  possess  the  same  qualities  as 
the  largest  mass  of  the  same  substance. 

82.  Examples  of  divisibility.  —  As  this  quality  of  unlimited  di- 
visibility involves  conditions  of  the  most  profound  interest,  as  well  in 
the  sciences  as  in  the  arts,  wc  shall  offer  here  several  examples  in 
illustration  of  it 

33.  Example  I. — Pulverized  marble.  —  The  most  solid  bodies 
are  capable  of  unlimited  comminution,  by  a  variety  of  mechanical 
processes,  such  as  cutting,  filing,  pounding,  grinding,  &c.  If  a  mass 
of  marble  be  reduced  to  a  fine  powder  by  the  process  of  grinding,  and 
this  powder  be  then  purified  by  careful  washmg,  its  particles,  if  ex- 
amined by  a  powerful  microscope,  will  be  found  to  consist  of  blocks 
having  rhomboidal  forms,  and  angles  as  perfect  and  as  accurate  as 
the  finest  specimens  of  calcareous  spars.  These  rhomboids,  minute 
as  they  are,  may  be  again  broken  and  pulverized,  and  the  particles 
into  which  they  are  divided  will  still  be  rhomboids  of  the  same  form 
and  possessing  the  same  character.  The  particles  of  such  powder 
being  submitted  to  the  most  powerful  microscopic  instruments,  and 
the  process  of  pulverization  being  pushed  to  the  utmost  practical  ex- 
treme, it  is  still  found  that  the  same  forms  are  reproduced. 

34.  Example  II.  —  Polished  surfaces  covered  with  asperities. 
Diamond.  —  The  polish  of  which  the  surfaces  of  certain  bodies,  such 
as  steel,  the  diamond  and  other  precious  stones,  are  susceptible,  is  an 
evidence  at  once  of  the  limited  sensibility  of  our  organs,  and  the 
unlimited  divisibility  of  matter.  This  polish  is  produced,  as  is  well 
known,  by  the  friction  of  emery  powder  or  diamond  dust,  and  con- 
sequently each  individual  grain  of  such  powder  or  dust  must  leave  a 
little  trench  or  traoe  upon  the  surface  submitted  to  such  friction.  It 
ia  evident^  therefore,  that  after  this  process  has  been  completed,  the 
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Barfkoe  which  presents  to  the  senses  such  brilliant  polish,  and  ap- 
parently infinite  smoothness,  is  in  reality  covered  with  protuberances 
and  indentations,  the  height  and  depth  of  which  cannot  be  less  than 
the  diameter  of  the  particles  of  powder  by  which  the  polish  has  been 
prodaced. 

35.  Example  III.  —  Gold  visible  on  touchstone.  —  In  the  de- 
tection of  matter  in  a  state  of  extreme  comminution,  the  sense  of 
sigbt  is  infinitely  more  delicate  than  that  of  touch.  If  we  rub  a 
piece  of  gold  upon  a  touchstone,  we  plainly  see  the  particles  of  matter 
which  are  left  upon  the  surfiice  of  the  stone.  The  touch,  howeyer, 
cannot  detect  them. 

36.  Example  IV.  —  Minuteness  of  tuimlar  filaments  of  glass. — 
In  the  preceding  examples  the  comminution,  however  great,  cannot 
be  easily  submitted  to  actual  measurement  Certain  processes,  how- 
ever, in  the  arts  enable  us  to  obtain  exact  numerical  estimates  of  a 
minute  divisibility,  which  without  them  might  appear  incredible.  If 
a  thin  tube  of  glass,  being  held  before  the  flame  of  a  blow-pipe  until 
the  glass  be  softened  and  acquire  a  white  heat,  be  drawn  end  from 
end,  a  thread  of  glass  may  be  obtained  so  fine  that  its  diameter  will 
not  exceed  the  two-thousandth  part  of  an  inch.  This  filament  of  glass 
will  have  all  the  fineness  and  almost  all  the  flexibility  of  silk,  and 
jet  a  bore  proportional  to  that  which  passed  through  the  original 
tube  will  still  pass  through  its  centre.  The  presence  of  this  oore 
may  be  rendered  manifest  by  passing  a  fluid  through  it. 

37.  Such  a  filament  might  penetrate  the  flesh  without  producing 
pain.  —  It  has  been  ingeniously  conjectured,  that  if  a  filament  of 
this  degree  of  fineness  could  be  obtained  of  a  material  which  would 
retain  sufficient  inflexibility,  it  might  be  made  to  penetrate  the  flesh 
without  producing  either  pain  or  injury,  inasmuch  as  its  magnitude 
would  bo  so  much  less  than  the  pores  of  the  integuments. 

88.  Example  V.  —  fVollaston's  mierometric  wire,  —  In  the  ap- 
plication of  the  telescope  to  astronomical  purposes,  the  distance  be- 
tween objects  which  are  present  at  one  and  the  same  time  within  the 
field  of  view  of  the  instrument,  is  measured  by  fine  threads  which 
are  extended  parallel  to  each  other  across  the  field  of  view,  and  which 
may  be  moved  towards  and  from  each  other  until  they  are  made  to 
pass  through  the  objects  between  which  we  desire  to  measure  the 
distance.  An  experiment,  then,  which  determines  the  distance  be- 
tween these  threads  measures  the  distance  between  the  objects. 

But  these  threads,  being  placed  before  the  eye-glass  of  the  tele- 
scope, and  therefore  necessarily  magnified  in  the  same  manner  as  the 
objects  themselves,  would,  unless  such  filaments  were  of  an  extreme 
degree  of  tenuity,  appear  in  the  field  of  view  like  great  broad  bands, 
and  would  conceal  many  of  the  objects  which  it  might  be  necessary 
to  observe.  It  was  therefore  necessary  to  resort  to  the  use  of  fila- 
ments of  extraordinary  minuteness  for  this  purpose.     The  threads  of 
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the  web  of  the  spider  were  nsed  with  more  or  less  success ;  but  the 
late  Dr.  Wollaston  inyeiitcd  a  beautifdl  expedient  by  which  metallio 
threads  of  any  jiegree  of  fineness  might  be  obtained. 

Let  us  suppose  a  piece  of  platinum  wire,  the  one-hundredth  of  an 
inch  in  diameter,  a  fineness  easily  obtainable  by  the  process  of  wire- 
drawing, to  be  extended  along  the  axis  of  a  cylindrical  mould,  the 
one-fifth  of  an  inch  in  diameter,  the  wire  being  thus  the  twentieth 
part  of  the  diameter  of  the  mould.  Let  the  mould  be  then  filled 
with  silver  in  a  state  of  fusion.  When  this  is  cold  we  shall  have  a 
cylinder  of  silver,  having  in  its  axis  a  thread  of  platinum  the  twenti- 
eth part  of  its  diameter. 

This  compound  cylinder  is  then  submitted  to  the  common  process 
of  wire-drawing,  during  which  the  platinum  in  its  centre  is  drawn 
with  the  silver,  the  proportion  of  their  diameters  being  still  main- 
tained. When  the  wire  is  drawn  to  the  greatest  degree  of  fineness 
practicable,  a  piece  of  it  is  plunged  in  nitric  acid,  by  which  the  sur- 
rounding silver  is  dissolved,  and  the  pktinum  wire  remains  uncovered. 

89.  Ittustratians  of  itt  extreme  miimteness.  —  By  this  process 
Dr.  Wollaston  obtained  platinum  wire  so  fine,  that  thirty  thousand 
pieces,  placed  side  by  side  in  contact,  would  not  cover  more  than  an 
inch. 

It  would  take  one  hundred  and  fifty  pieces  of  this  wire  bound  to- 
gether to  form  a  thread  as  thick  as  a  filament  of  raw  silk. 

Although  platinum  is  among  the  heaviest  of  the  known  bodies,  a 
mile  of  this  wire  would  not  weigh  more  than  a  grain.' 

Seven  ounces  of  this  wire  would  extend  from  London  to  New 
York. 

40.  Example  VL — Minuteness  of  organized  Jilaments.  —  Wool. 
— Silk. — Fur. — The  natural  filaments  of  wool,  silk,  and  fur  afford 
striking  examples  of  the  minute  divisibility  of  organized  matter. 
The  following  numbers  show  how  many  filaments  of  each  of  the  an- 
nexed substances  phioed  in  contact,  side  by  side,  would  be  necessary 
to  cover  an  inch :  — 

Coarse  wool  -        ...        -      500 

Fine  Merino  wool 1260 

Silk 2500 

The  hairs  of  the  finest  furs,  such  as  beaver  and  ermine,  hold  a 
place  between  the  filaments  of  Merino  and  silk,  and  the  wools  in 
general  have  a  fineness  between  that  of  Merino  and  coarse  wool. 
All  these  objects  are  sensible  to  the  touch. 
It  will  be  remembered  that  they  are  compound  textures,  having  a 
particnlar  structure,  each  containing  very  different  elements,  which 
are  prepared  by  the  processes  of  nutrition  and  secretion. 

41.  Example  VII. —  Thinness  of  a  soap^hubbie.  —  The  optical 
investigations  of  Newton  disclosed  some  astonishing  examples  of  the 
minnte  divisibility  of  matter. 
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A  8oap.bubblo  as  it  floats  in  the  light  of  the  son  reflects  to  die 
eve  an  endless  varietj  of  the  most  gorgeous  tints  of  colour.  Newton 
snowed,  that  to  each  of  these  tints  corresponds  a  certain  thickness  of 
the  substance  forming  the  bubble;  in  fact,  he  showed  in  general, 
that  all  transparent  substances,  when  reduced  to  a  certain  degree  of 
tenuity^  would  reflect  these  colours. 

Near  the  highest  point  of  the  bubble,  just  before  it  bursts,  is 
always  observed  a  spot  which  reflects  no  colour  and  appears  black. 
Newton  showed  that  the  thickness  of  the  bubble  at  this  black  point 
was  the  2,500,000th  part  of  an  inch !  Now,  as  the  bubble  at  this 
point  possesses  the  properties  of  water  as  essentially  as  does  the 
Atlantic  Ocean,  it  follows,  that  the  ultimate  molecules  forming  water 
must  have  less  dimensions  than  this  thickness. 

42.  Example  Y III.  —  Thinness  of  insects*  teings,  —  The  same 
optical  experiments  were  extended  to  the  organic  world,  and  it  was 
shown,  that  the  wings  of  insects  which  reflect  beautiful  tints  resem- 
bling  mother-of-pearl  owe  that  quality  to  their  extreme  tenuity. 

Some  of  these  are  so  thin  that  50,000  placed  one  upon  the  other 
would  not  form  a  heap  of  more  than  a  quarter  of  an  inch  in  height 

43.  Example  IX. —  Thinness  of  leaf-gold.  —  In  the  process  of 
gold-beatiu2  the  metal  is  reduced  to  lammse  or  leaves  of  a  degree  of 
tenuity  which  would  appear  fabulous,  if  we  had  not  the  stubborn 
evidence  of  the  common  experience  in  the  arts  as  its  verification. 

A  pile  of  leaf-gold  the  height  of  an  inch  would  contain  282,000 
distinct  leaves  of  metal !  The  thickness,  therefore,  of  each  leaf  is  in. 
this  case  the  282,000th  part  of  an  inch.  Nevertheless,  such  a  leaf 
completely  conceals  the  object  which  it  is  used  to  gild ;  it  moreover 
protects  such  object  from  the  action  of  external  agents  as  effectually 
as  though  it  were  plated  with  gold  an  inch  thick. 

44.  Example  X.  —  Wire  used  in  embroidery.  —  In  the  manu- 
fiicture  of  embroidery,  fine  threads  of  silver  gilt  are  used.  To  pro- 
duce these,  a  bar  of  silver  weighing  180  oz.,  is  gilt  with  an  ounce  of 
gold ;  this  bar  is  then  wire^lrawn  until  it  is  reduced  to  a  thread  so 
fine  that  3,400  feet  of  it  weigh  less  than  an  ounce.  It  is  then  flat- 
tened by  being  submitted  to  a  severe  pressure  between  rollers,  in 
which  process  its  length  is  increased  to  4,000  feet. 

Each  foot  of  the  flattened  wire  weighs,  therefore,  the  4000th  part 
of  an  ounce.  But  as  in  the  process  of  wire-drawing  and  rolling  the 
proportion  of  the  two  metals  is  maintained,  the  gold  which  covers 
the  surface  of  the  fine  thread  thus  produced  consists  only  of  the  1 80th 
part  of  its  whole  weight.  Therefore  the  gold  which  covers  one  foot 
IS  only  the  720,000th  part  of  an  ounce,  and  consequently  the  gold 
wnich  covers  an  inch  will  be  the  8,640,000th  part  of  an  ounce.  If 
this  inch  be  again  divided  into  one  hundred  equal  parts,  each  part 
will  be  distinctly  visible  without  the  aid  of  a  microscope,  and  yet  the 
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gold  whieh  ooven  snob  ymhle  part  will  be  only  the  864,000,000th 
part  of  an  oance. 

But  we  need  not  stop  even  here.  This  portion  of  the  wire  may 
hi  yiewed  through  a  microscope  which  magmfies  *500  times;  and  by 
these  means,  th^fore,  its  600th  part  will  become  visible. 

45.  In  this  manner,  therefore,  an  ounce  of  gold  may  be  divided 
into  432,000,000,000  parts,  and  each  part  will  still  possess  all  the 
characters  and  qualities  found  in  the  largest  mass  of  the  metal.  It 
will  have  the  same  solidity,  texture,  and  colour,  will  resist  the  same 
chemical  agents,  and  will  enter  into  combination  with  the  same  sub- 
stances. If  this  gilt  wire  be  exposed  to  the  action  of  nitric  acid,  the 
silver  within  the  coating  will  be  dissolved,  but  the  hollow  tube  of 
gold  which  surrounds  it  would  still  cohere  and  remain  suspended. 

46.  Example  XI.  —  Composition  of  blood.  —  The  organic  world 
affords  most  interesting  and  striking  examples  of  the  minute  divisi- 
bility of  matter. 

None  can  be  selected  more  remarkable  than  that  presented  by  the 
blood  of  animals,  which  is  not,  as  it  appears  to  the  naked  eye,  a  uni- 
form red  liquid,  but  consists  of  a  transparent  colorless  fluid  called 
liquor  sanguinis,  or  blood-liquid,  in  which  innumerable  small  red 
particles  of  solid  matter  float. 

47.  The  magnitude  and  form  of  its  corpuscles.  —  In  different 
species  these  red  corpuscles  differ  both  in  form  and  size.  They  were 
long  considered  to  be  spheroidal,  and  are  even  still  so  stated  to  be  in 
most  works  on  physics.  The  observations  however  of  Hewson, 
Wagner,  Gulliver,  and  others  have  proved  that  they  are  flat  or  disk- 
shaped.  In  the  human  blood,  and  in  that  generally  of  animals  who 
suckle  their  young,  they  are  circular,  or  nearly  so,  their  surfaces 
being  slightly  concave,  ^ like  the  spectacle  glasses  used  by  short- 
sighted persons.  In  birds,  reptiles,  and  fishes,  they  are  generally 
oval,  the  oval  being  more  or  less  elongated  in  different  species. 
The  surfaces  of  the  disks  in  these  species,  instead  of  being  concave, 
are  convex,  like  the  spectacle  glasses  used  by  weak-sighted  persons. 
The  thickness  of  these  disks  varies  from  one  third  to  one  quarter  of 
their  diameter.  Their  diameter  in  human  blood  is  the  3500th  part 
of  an  inch ;  they  are  smallest  in  the  blood  of  the  JVajm  musk  deer, 
where  they  measure  only  the  12,000th  of  an  inch. 

It  would  require  50,000  of  these  disks  as  they  exist  in  the  human 
lood  to  cover  the  head  of  a  small  pin,  and  800,000  of  the  disks  of 
•he  blood  of  the  musk-deer  to  cover  the  same  surface. 

48.  dumber  of  corpuscles  in  a  drop  of  blood.  —  It  follows  from 
these  dimensions  that  in  a  drop  of  human  blood  which  would  remain 
suspended  from  the  point  of  a  fine  needle  there  must  be  abou** 
8,000,000  of  disks,  and  in  a  like  drop  of  the  blood  of  the  musk-deer 
there  would  be  about  120,000,000 ;  yet  these  corpuscles  are  rendered 
not  only  distanotlj  visible  to  the  senses  by  the  aid  of  the  mioroacope. 
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bat  their  forms  and  dlmengioiis  are  rendered  apparent  Small  af 
they  are,  they  are  divisible;  and  can  be  resolved  into  their  elementi 
by  chemical  agents.* 

It  is  difficult  to  say  which  excites  more  astonishment  and  admiia- 
tion,  the  minuteness  of  these  structures,  or  the  intellectual  powen 
which  have  submitted  them  to  exact  observation  and  measurement 

49.  Example  XII.  —  Miimieneu  of  animalcules ;  their  orgpm- 
ization  and  functions.  —  But  these  doDules,  small  as  they  are^  are 
exceeded  in  minuteness  by  innumeraUo  creatures  whose  existence  the 
microscope  has  disclosed,  and  whoso  entire  bodies  are  inferior  in 
magnitude  to  the  globules  of  blood. 

Microscopic  research  has  disclosed  the  existence  of  animals  a  mil- 
lion of  which  do  not  exceed  the  bulk  of  a  ^rain  of  sand,  and  yet  eaeh 
of  these  is  composed  of  members  as  admirably  suited  to  their  mode 
of  life  as  those  of  the  largest  species.  Their  motions  display  all  the 
phenomena  of  vitality,  sense,  and  instinct  In  the  liquids  which  thej 
inhabit  they  are  observed  to  move  with  the  most  surprising  speed  and 
agility;  nor  are  their  motions  and  actions  blind  and  fortuitoosi  but 
evidently  governed  by  choice  and  directed  to  an  end.  They  use  food 
and  drink,  by  which  they  are  nourished,  and  must,  therefore,  be  aap- 
plied  with  a  digestive  apparatus.  They  exhibit  a  muscular  power  fiir 
exceeding  in  strength  and  flexibility,  relatively  speaking,  the  larger 
species.  They  are  susceptible  of  the  same  appetites,  and  obnoxioiia 
to  the  same  passions,  as  the  superior  animals,  and,  though  difiering  in 
degree,  the  satisfaction  of  these  desires  is  attended  with  the  same 
results  as  in  our  own  species. 

Spallaniani  observes  that  certain  animalcula  devour  others  ao 
voraciously  that  they  fiitten  and  become  indolent  and  sluffgiBh  hj 
over-feeding.  After  a  meal  of  this  kind,  if  they  be  oonfinea  in  dis- 
tilled water  so  as  to  be  deprived  of  all  food,  their  condition  beoomes 
reduced,  they  regain  their  spirit  and  activity,  and  once  more  amuae 
themselves  in  pursuit  of  the  more  minute  animals  which  are  supplied 
to  them.  These  they  swallow  without  depriving  them  of  life,  as,  by 
the  aid  of  the  microscope,  the  smaller,  thus  devoured,  has  been  ob- 
aerved  moving  within  the  body  of  the  greater. 

The  microsoopio  researches  of  Ehrennerg  have  disdoeed  most  sur- 
prising examples  of  the  minuteness  of  which  oi^^nized  matter  ia  wam- 
ceptible.  He  has  shown  that  many  species  of  infusoria  exist  which 
are  so  small  that  millions  of  them  collected  into  one  mass  would  not 
exceed  the  bulk  of  a  grain  of  sand,  and  a  thousand  might  swim  side 
by  side  through  the  eye  of  a  needle. 

The  shells  of  these  creatures  are  found  to  exist  fossilised  in  the 
strata  of  the  earth  in  quantities  so  great  as  almost  to  exceed  the  limita 
of  credibility. 

*  See  QutiD*f  Anatomy,  5th  cd.  by  Dir.  Sharpay  and  Mr.  Qwo. 
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By  microeoopio  measurement  it  has  been  ascertained  that  in  the 
date  found  at  Bilin,  in  Bohemia,  which  consists  almost  entirely  of 
these  shells,  a  cubic  inch  contains  forty-one  thousand  millions ;  and 
08  a  cubic  inch  weighs  two  hundred  and  twenty  grains,  it  follows 
that  one  hundred  and  eighty-scTen  millions  of  these  shells  must  go  to 
a  grain,  each  of  which  would  consequently  weigh  the  187,000,000th 
part  of  a  grain. 

All  these  phenomena  lead  to  the  conclusion  that  these  creatures 
must  be  supplied  with  an  organization  corresponding  in  beauty  with 
those  of  the  larger  species. 

50.  Example  XIII.  —  Unlimiled  divisibility  hy  solution  of  solids 
in  liquids.  —  If  a  grain  of  salt  be  dissolved  in  1000  grains  of  dis« 
tilled  water,  each  grain  of  the  water  will  contain  the  1000th  part  of 
the  grain  of  the  salt;  and  if  a  grain  of  this  water  be  mixed  with 
1000  grains  of  distilled  water,  the  1000th  part  of  a  grain  of  salt 
which  it  holds  in  solution  will  be  uniformly  diffused  through  the 
latter,  so  that  each  grain  of  the  latter  solution  will  contain  the  mil- 
lionth part  of  a  min  of  salt  The  presence  of  the  salt  in  this  second 
eolation  can  be  detected  by  certain  chemical  tests. 

It  is  evident  that  this  process  may  be  continued  to  a  still  greater 
extent 

61.  ExAMFLX  XIY.  —  Minute  divisibility  proved  by  colour.  — 
A  grain  of  sulphate  of  copper,  dissolved  in  a  gallon  of  water,  will 
impart  to  the  whole  mass  of  the  liquid  a  plainly  perceptible  tinge  of 
blue;  and  a  grain  of  carmine  will  give  its  peculiar  red  to  the  same 
quantity  of  water.  It  follows,  therefore,  that  a  minute  drop  of  such 
water  will  ccmtain  such  a  proportion  of  either  of  these  substances  as 
the  drop  bean  to  the  sallon. 

62.  Example  Xv.  —  Divisibility  of  musk. — The  sense  of 
melling,  although  it  does  not  inform  us  of  the  mechanical  qualities 
of  minute  masses  of  matter,  determines,  nevertheless,  their  presence : 
thus,  it  is  known  that  a  grain  of  musk  will  impregnate  the  atmos- 
phere of  a  room  with  its  odour  for  a  quarter  of  a  century,  or  more, 
without  suffering  any  considerable  loss  in  its  weight. 

Every  particle  of  the  atmosphere  which  produces  the  sense  of  the 
odour  must  contain  a  certain  quantity  of  the  musk. 

58.  Example  XVI.  —  Fineness  of  spider* s-iceb.  —  Fine  as  is 
the  filament  produced  by  the  silkworm,  that  produced  by  the  spider 
is  still  more  attenuated. 

A  thread  of  a  spider's  web,  measuring  four  miles,  will  weigh  very 
litUe  more  than  a  single  grain  I 

Every  one  is  fiimibar  with  the  fact,  that  the  spider  spins  a  thread, 
or  cord,  by  which  his  own  weight  hangs  suspended.  It  has  been 
ascertainea  that  this  thread  is  composed  of  about  six  thousand  fila- 
ments. 

54.  Example  XVU.-^Divisibilily  shown  by  the  ta8U.  —  Thif 
4  %1 
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sense  of  taste,  like  that  of  smelling,  mny  drtermino  tbe  preaenoe  of 
matter,  without  manifostiug,  by  direct  evidencOi  anythii^  ooncernii^ 
its  mechanical  qualities. 

65.  Effect  of  strychnine  dissolved  in  water,  —  A  portion  of  stiydh 
nine  so  minute  as  to  be  scarcely  perceptible  to  the  sight,  if  dissolTed 
in  a  pint  of  water,  will  render  every  drop  of  the  water  bitter.  Nov, 
it  is  evident  that  in  this  case,  the  strychnine  being  uniformlj  dif- 
fused tlirough  the  water,  the  minute  portion  of  it  above  mentioned  is 
subdivided  into  as  many  parts  as  there  are  drops  of  water  in  a  pint 

66.  Effect  of  salt  of  silver  dissolved  in  water.  —  In  like  manner, 
a  single  grain  of  the  salt  of  silver,  called  ammoniacal  hyposulphite^ 
will  impart  a  flavour  of  sweetness  to  a  gallon  of  water. 

Now,  a  gallon  of  wat>er  will  weigh  about  46,000  grains;  and  as 
the  flavour  of  the  salt  is  perceptible  in  each  crain  of  the  water,  it 
follows  that  one  grain  of  this  salt  is  thus  divided  into  46,000  equal 
parts. 

57.  Effect  of  sugar  dissolved,  —  A  small  lump  of  sugar,  diasolved 
in  a  cup  of  tea  measuring  half  a  pint,  will  sweeten  the  whole  percep- 
tibly. In  this  half-pint  of  tea  there  are  81,000  drops.  Each  dropi 
therefore,  must  contiiin  the  31,000th  part  of  the  sugar  dissolvedy  and 
each  such  drop  is  perceptibly  sweet.  I^ut  if  the  point  of  a  needle  be 
inserted  in  one  of  these  drops,  and  withdrawn  from  it,  a  film  of 
moisture  will  remain  upon  it,  and  the  drop  will  not  be  visibly  dimin- 
ished. Yet  this  film  of  moisture  will  still  be  sweet,  and  will,  there- 
fore, eontiin  a  fraction  of  the  31,000th  part  of  the  lump  of  sngafi 
too  minute  to  admit  of  numerical  estimation. 

68.  Is  mattery  therefore j  infinitely  divisible  f — It  may  be  askedi 
whether  we  are  then  to  conclude,  from  these  various  facts,  that  matter 
is  infinitely  divisible,  and  that  there  are  no  original  constituent  atomi 
of  determinate  magnitude  and  figure,  at  which  all  8ubdi\*ision  mnst 
cease.  Such  an  inference,  however,  would  be  unwarranted,  even  if 
we  had  no  other  means  of  deciding  the  question  oxcept  those  of  direct 
observation,  as  we  should  thus  impose  those  limits  on  the  operations 
of  nature  which  she  has  imposed  upon  our  powers  of  observing  them. 

69.  The  existence  of  ultimate  molecules,  of  determinate  figure, 
may  be  inferred.  —  Although  we  are  unable,  by  direct  observation^ 
to  perceive  the  existence  of  molecules,  or  material  atoms  of  determi- 
nate figure,  yet  there  are  many  observable  phenomena  which  render 
their  existence  in  the  highest  degree  probable,  if  not  positively 
certain. 

60.  Crystatlization  indicates  their  existence.  —  The  most  remark- 
able of  such  phenomena  are  observed  in  the  crjrstallization  of  salts. 

When  salt  is  dissolved  in  distilled  water,  as  in  the  preceding  ex- 
ample, the  mixture  presents  the  appearance  of  a  transparent  liquid 
like  water  itself,  the  salt  altogether  disappearing  from  bight  and  touch. 
The  presence  of  the  salt  in  &e  water,  however,  can  be  established  by 
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weighing  the  eolation,  which  will  be  found  to  exceed  the  original 
weight  of  the  water  by  the  exact  amount  of  the  weight  of  the  salt 
dissolved. 

Now,  if  this  solution  be  heated  to  a  sufficient  temperature,  the 
water  will  gradually  evaporate ;  but  this  process  of  evaporation  ^uot 
affecting  the  salt,  the  remaining  water  will  still  contain  the  same 
quantity  of  salt  in  solution,  and  it  will  consequently  become  by  de- 
grees, a  stronger  and  stronger  saline  solution,  tho  water  bearing,  con- 
sequently, a  less  and  less  proportion  to  the  salt.  The  water  will  at 
length  be  diminished,  by  evaporation,  to  that  point,  that  a  sufficient 
quantity  does  not  remain  to  hold  in  solution  the  entire  quantity  of 
salt  contained  in  it  When  this  has  taken  place,  each  particle  of 
water  which  is  evaporated  leaving  behind  it  the  salt  which  it  held  in 
solution,  and  this'  salt  not  being  capable  of  being  dissolved  by  the 
water  which  remains,  it  will  float  in  such  waters  in  its  solid  and  na- 
tural state,  undissolved,  just  as  particles  of  dust,  or  other  matter  not 
soluble  in  tho  water,  would  do.  But  the  saline  particles  which  thus 
remain  floating  in  the  liquid  undissolved,  will  not  collect  in  irregular 
solid  pieces,  but  will  exhibit  themselves  in  regular  figures,  terminated 
by  plane  surfaces,  always  forming  regular  angles,  these  figures  being 
invariably  the  same  for  the  same  species  of  salt,  but  different  for  dif- 
ferent species.  There  are  several  circumstances  attending  the  forma- 
tion of  these  crystals  which  merit  attention. 

61.  Process  of  cryslallizalion,  —  If  one  of  these  be  detached  from 
the  others,  and  tbe  gradual  progress  of  its  formation  be  submitted  to 
observation,  it  will  be  found  to  grow  large,  always  preserving  its 
original  figure.  Now,  since  its  increase  must  be  produced  by  the 
continual  accession  of  saline  molecules,  disengaged  by  the  water 
evaporated,  it  follows  that  these  molecules,  or  atoms,  must  have  such 
a  shape,  that,  by  attaching  themselves  successively  to  the  crystal, 
they  will  maintain  the  regularity  of  its  bounding  planes,  and  preserve 
the  angles  which  these  planes  form  with  each  other  unvaried. 

In  fact,  they  must  be  so  shaped,  that  the  structure  of  the  crystal 
they  form  may  be  built  up  by  their  regular  aggregation  into  the  form 
which  it  assumes. 

If  one  of  these  crystals  be  taken  from  the  liquid  during  the  process 
of  its  formation,  aud  be  broken,  so  as  to  destroy  the  regularity  of  its 
form,  and  then  restored  to  the  liquid,  it  will  be  observed  soou  to 
recover  its  regular  form,  the  atoms  of  salt,  successively  dismissed  by 
the  evaporating  water,  filling  up  the  irregular  cavities  produced  by 
the  fracture. 

62.  Existence  of  ultimate  molecules  inferred  from  this  process. — 
Two  consequences  obviously  follow  from  this  phenomenon. 

First.  That  the  atoms  of  the  salt  dismissed  by  the  water  evapo- 
rated have  such  a  form,  as  enables  them,  by  combination,  to  give  to 
the  erystaU  the  shape  which  they  exhibit;  and, 
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Secondly,  That  tho  atoms  which  are  snccessiyelj  attached  to  die 
crystals  in  the  process  of  formation,  attach  themselves  in  a  pardcolar 
position,  to  explain  which  it  is  necessary  to  suppose  that  correspond- 
ing sides  of  the  crystals  have  attractions  for  each  other,  so  that  the 
atoms  of  salt  not  only  attach  themselves  to  the  sides  of  the  crystals, 
but  place  themselves  there  in  a  particular  position.  In  a  w<nrd,  we 
.  must  suppose  that  the  walls  of  the  crystal  are  built  with  these  atomi 
in  the  same  manner,  and  with  the  same  regularity,  as  the  walla  of  a 
building  are  formed  with  bricks. 

All  these,  and  many  similar  details  of  the  process  of  crystallifli- 
tion,  are,  therefore,  very  evident  indications  of  a  determinate  figure  ia 
the  ultimate  atoms  of  the  substances  which  are  crystallized. 

63.  Some  bodies  exist  nalurally  in  the  crystaUi;ted  state,  —  But 
besides  these  substances  thus  reduced  by  art  to  the  form  of  crystabi 
there  are  large  classes  of  bodies  which  naturally  exist  in  this  state. 

64.  Planes  of  cleavage,  —  There  are  certain  planes  called  planes 
of  cleavagCj  in  the  direction  of  which  natural  crystals  are  easily 
divided.  In  substances  of  the  same  kind,  these  planes  have  always 
the  same  relative  position ;  but  they  differ  in  different  substances. 

The  surfaces  of  the  planes  of  cleavage  are  not  always  observable  be- 
fore the  crystals  are  divided ;  but  when  the  crystals  are  divided,  these 
surfaces  exhibit  an  intense  polish  which  no  effort  of  art  can  equal. 

65.  Planes  of  cleavage  indicate  the  forms  of  the  ultimate  mole^ 
eules.  —  We  must  conclude,  therefore,  that  these  planes  of  cleavage 
are  parallel  to  the  sides  of  the  constituent  atoms  of  the  crystals,  and 
their  directions  therefore  form  so  many  conditions  for  the  determina- 
tion of  the  shape  of  these  atoms. 

This  shape  being  once  determined,  it  is  not  difficult  to  assign  all 
the  various  ways  in  which  they  may  be  arranged,  so  as  to  prodooe 
regular  figures ;  and  we  accordingly  find  that  regular  figures  thus  in- 
dicated by  mathematical  reasoning  correspond  with  the  forms  assumed 
by  the  crystals  of  the  same  substiinces. 

66.  Inference  that  all  bodies  consist  of  ultimate  atoms  of  deter* 
minate  figure,  —  It  follows,  therefore,  from  these  effects,  and  the 
reasouing  established  upon  them,  that  the  substances  which  are  sus- 
ceptible of  crystallization  consist  of  ultimate  atoms  of  different  figure. 
Now,  all  solid  bodies  whatever  are  included  in  this  class,  for  they 
have  severally  been  found  in,  or  are  reducible  to  a  crystallized  form. 
Liquids  crystallize  in  freezing :  several  of  the  gases  have  been  already 
reduced  to  the  liquid  and  solid  forms,  and  analogy  justifies  the  con- 
clusion that  all  are  capable  of  being  reduced  to  this  form. 

Hence  it  appears  reasonable  to  presume  that  all  bodies  whatever 
are  composed  of  ultimate  atoms,  having  determinate  shape  and  mag- 
nitude; that  the  different  qualities  with  which  we  find  different 
bodies  endued,  depend  upon  the  shape  and  magnitude  of  these  atoms; 
that  these  atoms  cannot  be  disturbed  or  changed  so  long  as  the  body 
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L  tliej  belong  ia  not  decomposed  into  other  elements,  .is  wo 
i  qiudities  wliich  depend  on  them  unchangeably  the  same 
11  Uie  infliieiioeB  to  wlilch  they  have  been  submitted. 
n^se  mokcules  loo  minute  to  he  the  subjects  of  direct  ohser- 
—  We  must  conclude  also  that  these  atoms  are  so  minute  in 
gnitudes  that  they  cannot  be  observed  by  any  means  which 
jt  has  yet  contrived,  but  nevertheless  that  such  magnitudes 
i  limits. 

Principles  of  mechanical  science,  however,  independent  of 
Hhesis.  —  It  is  nocessar}',  however,  to  observe  that  notwith* 

the  strong  analogies  which  support  these  conclusions  as  to 
mate  constitution  of  material  substances,  the  principles  of 
cal  science  are  quite  independent  of  them,  and  do  not  rest 
y  hypothesis  concerning  such  atomic  constitution,  and  there- 
truth  of  these  principles  would  not  be  in  any  wise  disturbed 
>ogh  it  should  be  established  that  matter  is  in  the  most  lite- 
3  infinitely  divisible,  and  is  not  formed  of  ultimate  atoms. 
Msis  of  mechanical  science  is  observed  facts.;  and  since  the 
ig  npon  these  observed  facts  is  demonstrative,  the  conclusions, 
ghUy  deduced,  have  the  same  degree  of  certainty  as  the  hets 
lich  they  are  inferred. 

The  ultimate  molecules  of  matter  indestructible,  —  The  ex- 
iivision  to  which  bodies  are  subjected  in  many  natural  and 

processes,  and  especially  when  exposed  to  the  application  of 
fire,  has  natural!}'  suggested  to  minds  not  habituated  to  the 
"occss  of  scientific  reasoning,  the  idea  that  bodies  are  destruc- 
The  ancients,  instead  of  the  modem  practice  of  inhumation, 
[  of  the  bodies  of  their  dead  by  burning  them,  upon  the  sup- 
that  their  component  parts  were  by  such  operation  destroyed, 
more  exact  reasoning  of  modem  philosophy,  however,  teaches 
a  power  to  destroy  matter  would  be  as  inconceivable  in  a  finite 
I  a  power  to  create  it. 

certain  that  the  quantity  of  matter  which  exists  upon  and  in 
ii  has  never  been  diminished  by  the  annihilation  of  a  single 

sr  is  in  fact  indestractible  by  any  agency  short  of  divine 
It  may  be  asked,  then,  what  becomes  of  the  matter  com- 
i  body  which,  being  subjected  to  the  action  of  fire,  gradually 
tpletely  disappears.  The  answer  is,  that  in  this,  as  well  as  in 
T  cases  of  the  apparent  destruction  of  matter,  nothing  takes 
ccpt  its  subdivisi(m  and  the  change  of  its  form  and  position. 
Vo  matter  destroyed  in  combustion.  —  When  a  body  is  sub- 
to  the  action  of  heat,  its  elements  are  decomposed,  aud  its 
ent  particles  separated,  many  of  them  combine  with  other 
s  of  matter,  and  fomi  new  substances  possessing  other  quali- 
bna,  when  coaJ  or  other  fuel  is  burned,  the  carbon  enter*  into 
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oombiDation  with  one  of  the  oonsiitaents  of  the  atmosphere  called 
oxygen,  and  forms  a  gaseous  substance  called  carbonic  acid,  which 
rises  into  and  mixes  with  the  atmosphere.  Another  element,  hydro- 
gen, combines  with  the  same  constituent  of  the  atmosphere  and  forms 
vapor,  which  also  disperses  in  the  atmosphere. 

Sulphur,  which  is  also  occasionally  present  in  fuel,  combines  with 
the  same  constituent  of  the  air,  forming  a  ^  called  sulphurous  acid, 
which  also  escapes  into  the  atmosphere.  Thus  the  entire  matter  of 
the  fuel,  with  the  exception  of  a  small  portion  of  incombustible  mat- 
ter which  falls  into  the  ash-pit,  is  dispersed  in  the  air,  and  no  destruc- 
tion or  annihilation  takes  place. 

That  no  portion  of  the  matter  of  the  fuel  is  destroyed  or  annihi- 
lated can  be  established  by  the  incontrovertible  experimental  proofe 
of  the  chemist,  for  by  the  expedients  of  his  science  all  the  products 
of  the  combustion  which  have  been  just  mentioned  can  be  preserved, 
weighed,  and  decomposed.  The  oxygen  which  has  entered  into  com- 
bination with  each  element  of  the  fuel  can  be  reproduced,  as  well  as 
the  constituents  of  the  fuel  itself,  the  latter  of  which  being  weighed, 
as  well  as  the  incombustible  ash,  the  weight  of  the  whole  is  found  to 
be  precisely  equal  to  the  weight  of  the  fuel  which  was  burned  and 
apparently  destroyed. 

71.  JVb  matter  destroyed  in  evaporation, — Liquids  when  subjected 
to  heat  are  converted  into  vapor,  and  this  vapor  disperses  in  the 
atmosphere,  so  that  the  liquid  seems  to  be  boiled  away ;  but  if  the 
vapor  be  preserved,  as  it  may  be  in  a  separate  vessel,  and  exposed  to 
cold,  it  will  return  to  the  liquid  form,  and  its  weight  and  measure  will 
be  found  to  be  precisely  the  same  as  that  of  the  Hquid  evaporated. 

72.  Destructive  distillation. — There  is  a  process  in  chemistry 
which  is  called  destructive  distillation.  The  term  is  objectionablei 
because  it  implies  a  destruction  where  no  destruction  takes  place.  If 
a  piece  of  wood,  being  previously  weighed,  be  placed  in  a  close  retort 
and  submitted  to  what  is  called  destructive  distillation,  it  will  be  found 
that  water,  a  certain  acid,  and  several  gases  will  issue  from  it,  all  of 
which  may  be  pi^served,  and  mere  charooal  will  remain  in  the  retort 
at  the  end  of  the  process.  If  the  water,  acid,  and  gases  which  thus 
escape  be  weighed  with  the  charcoal,  the  weight  of  the  whole  will 
be  found  to  he  precisely  equal  to  that  of  the  wood  which  was  sub- 
jected to  destructive  distillation. 

73.  General  conclttsion, — Thus  various  forms  of  matter  may  be 
fused,  evaporated,  or  submitted  to  combustion;  animals  and  vege- 
tables may  die,  organized  bodies  may  be  dissolved  and  decomposed, 
but  in  all  cases  their  elementary  and  constituent  parts  maintain  their 
existence.  The  remains  of  our  own  bodies  after  death  are  deposited 
in  the  grave,  and  enter  into  innumerable  combinations  with  the  mate- 
rials of  the  soil,  with  the  vegetation  which  covers  it,  and  the  air 
which  ciroolates  above  it 
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Consequently,  these  parts  enter  into  an  iufinite  series  of  other  com- 
tioations,  forming  parts  of  other  organized  bodies,  animal  and  vego- 
tible,  and  which,  aher  havine  discharged  their  functions,  are  thrown 
off  again,  mixing  with  the  soil,  the  air,  or  organised  matter,  and  once 
nore  ranning  through  the  round  of  physical  combinations. 

The  oonstitiient  atoms  of  matter  are  thus  constantly  performing  a 
aide  of  duties  in  the  economy  of  nature  with  infinitely  more  cer- 
tunty  and  regularity  than  is  ol»erved  in  the  most  disciplined  army 
« in  the  best  regulated  manu&ctory. 


CHAP.  VI. 

P0B08ITY  AND   DENSITT. 

74.  The  eompometU  molecules  of  a  body  are  not  in  contact. — The 
vokime  or  magnitude  of  a  body  is,  as  has  been  already  explained,  the 
B|Moe  which  is  included  within  its  external  surfaces.  The  moss  of  a 
my,  or  the  quantity  of  matter  of  which  it  consists,  is  the  collection 
of  atoms  or  molecules  which  compose  it.  If  these  atoms  were  in 
actual  oontact,  the  volume  would  be  completely  occupied  by  the  mass ; 
hat  nmneroos  results  of  observation  prove  that  this  is  never  the  case. 
There  is  no  body  so  solid  or  compact  that  it  cannot,  by  various  pro- 
eeaes  to  be  explained  hereafter,  be  forced  into  less  dimensions.  Now, 
if  its  atoms  were  in  absolute  contact,  and  hod  no  unoccupied  spaces 
between  them,  this  compression  could  not  take  place.  It  follows, 
therefore,  that  between  tiie  atoms  or  molecules  which  form  the  mass 
cf  a  body  there  are  vacant  spaces  in  the  magnitude  or  volume,  which 
therefore  consists  partly  of  the  spaces  occupied  by  the  atoms,  and 
partly  of  the  spaces  which  intervene  between  these  atoms. 

75.  The  spaces  which  separate  ifiem  are  called  pores, — These  in- 
terrening  spaces  which  separate  the  constituent  atoms  of  a  moss  of 
sntter  are  called  pores;  and  the  quality  of  bodies  in< virtue  of  which 
their  constituent  atoms  are  thus  separated  by  vacant  spaces  is  called 
porosity, 

76.  Proportion  of  mass  to  pores  determines  the  density,— In  bodies 
of  different  species,  the  pores  bear  a  greater  or  less  proportion  to  the 
whole  volume;  or,  in  other  words,  the  component  atoms  of  the  mass 
are  placed  more  or  less  closely  together. 

This  circumstance  determines  what  is  called  the  density  of  bodies. 
One  body  is  more  or  less  dense  than  another,  according  as  its  con- 
ititoent  atoms  are  more  or  less  closely  packed  together,  or  according 
II  its  pores  are  of  less  or  greater  magnitude. 

77.  PorosUy  and  d^nsi/y  earreiafive  terms, — Porosity  and  density 
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ire  therefore  correlative  terms.  The  greater  the  porosity,  the  ?e» 
the  density ;  and  the  greater  the  density,  the  less  the  porosity. 

Gold  and  platbum  are  bodies  of  great  density;  oork  is  one  of 
much  less  density ;  and  air  or  the  gases  still  less. 

When  one  body  is  heavier  than  another  under  the  same  bulk,  it  is 
concluded  that  its  density  is  proportionally  greater  than  that  of  the 
other,  and  consequently  its  porosity  proportionally  less. 

78.  Uniform  diffusion  of  pores  constitutes  uniform  density, — When 
the  pores  are  uniformly  diffused  throughout  the  dimensions  of  a  body, 
the  body  is  said  to  be  uniformly  dense. 

79.  Pores  different  from  cells, — The  porosity  of  bodies  is  some- 
times illustrated  and  explained  by  a  sponge,  which  allows  the  cavities 
which  pervade  it  to  be  filled  with  water  or  other  fluid ;  but  such  an 
illustration  is  not  strictly  apposite.  The  cavities  of  a  sponge  are  not 
its  pores,  any  more  than  are  the  cells  of  a  honeycomb  the  pores  of 
wax.  Cellular  structures  in  general  present  peculiar  modifications 
of  matter  totally  diflferent  from  what  is  understood  by  porosity. 

80.  Pores  sometimes  occupied  by  more  subtle  matter,  —  The  pates 
of  a  body  are  sometimes  filled  with  another  material  substance  of  tk 
more  subtle  nature.  Thus,  if  the  pores  of  a  body  be  greater  than 
the  atoms  of  air,  such  body  being  surrounded  by  the  atmosphere,  the 
air  will  pervade  its  pores.  This  is  found  to  be  the  case,  for  example, 
with  certain  sorts  of  wood,  with  chalk,  sugar,  and  many  other  sub- 
stances. If  a  piece  of  such  wood,  chalk,  or  sugar  be  pressed  to  the 
bottom  of  a  vessel  filled  with  water,  the  air  which  fills  the  pores  will 
be  observed  to  escape  in  bubbles,  and  to  rise  to  the  surface,  the  water 
pervading  the  pores,  and  taking  their  place. 

81.  Examples  of  porosity  and  density. — The  following  examples 
will  illustrate  the  qualities  of  porosity  and  density : — 

82.  Example  I. — Porosity  of  wood, — If  a  cylinder  of  wood  be 
inserted  in  the  bottom  of  a  cup  which  is  attached  to  the  mouth  of  • 
glass-receiver  placed  upon  the  plate  of  an  air-pump,  the  cup  thus 
placed  being  filled  with  mercury,  on  withdrawing  the  air  from  the 
interior  of  the  receiver  the  pressure  of  the  external  atmosphere  will 
force  the  mercury  through  the  pores  of  the  wood,  and  it  will  be 
observed  to  fall  in  a  shower  of  silver  within  the  receiver. 

83.  Example  II.  —  Buoyancy  of  wood  sometimes  caused  by  the 
air  contained  in  its  pores,  —  \Vood  in  general  is  lighter,  bulk  for 
bulk,  than  water,  and  will  therefore  float  in  it ;  but  this  comparative 
lightness  is  in  some  cases  not  a  property  of  the  wood,  but  of  the  air 
which  fills  itf  pores.  To  prove  this,  let  a  piece  of  such  wood  be  held 
beneath  the  surface  of  water  contained  in  a  vessel  placed  under  the 
receiver  of  an  air-pump.  On  exhausting  the  receiver,  the  air  con- 
tained in  the  piece  of  wood  will  force  its  way  out  by  reason  of  its  elas- 
ticity, and  will  rise  in  bubbles  to  the  surface  of  the  water.  If,  when 
the  air  has  been  thus  expelled  from  the  pores,  the  pressure  of  the 
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atmoflpliefe  be  Biade  to  act  again  upon  the  surfkce  cf  the  water  by 
opening  the  eock  which  admits  air  to  the  receiver^  the  water  will  be 
forced  into  the  pores  of  the  wood  and  will  fill  the  spaces  deserted  by 
the  air,  and  the  wood  will  then  sink  to  the  bottom. 

84.  ExABfPLB  III. —  The  densest  substances  {gold  for  example) 
have  pores.  Florentine  experiment, — There  is  no  substance  so  dense 
as  to  be  divested  of  pores.  The  celebrated  Florentine  experiment, 
performed  at  the  Academia  Del  Cimento,  in  1661,  and  often  repeated 
since  that  tinie  with  the  same  result,  showed  that  gold  itself  has  pores 
suffieiently  large  to  admit  the  particles  of  water  to  pass  through  them. 
A  globe  of  gold,  being  completely  filled  with  water,  was  clceed  by  a 
screw,  and  submitted  to  a  severe  pressure.  As  a  globe  is  the  figure 
which  within  the  same  surfiuse  contains  the  greatest  possible  volume, 
any  change  produced  in  its  figure  by  external  pressure  must  necessa- 
rily diminish  its  volume.  When  the  globe,  therefore,  thus  filled  with 
water,  is  submitted  to  a  pressure  which  changes  it  to  a  form  slightly 
elliptical,  or  turnip-shaped,  it  would  necessarily  contain  less  liquid, 
and  either  of  two  efiects  must  ensue,  viz.,  the  globe  must  burst,  or  a 
portion  of  the  liquid  must  force  its  passage  through  the  pores  of  the 
gold.  The  latter  effect  ensued ;  and  as  Uie  globe  changed  its  form, 
the  Water  was  seen  collecting  in  a  dew  on  the  external  surface  of  the 
metal.  This  proved  that  the  particles  of  water  found  their  way 
through  the  pores  of  the  gold  without  tearing,  rupturing,  or  other- 
wise doing  violence  to  its  general  structure. 

85.  Example  IY. — FWration, — The  process  of  filtration,  so  exten- 
sively used  in  the  arts  and  sciences,  depends  on  the  quality  of  porosity. 
The  substance  through  which  a  liquid  is  filtrated  has  pores  large 
enough  to  allow  the  particles  of  the  liquid  to  pass,  but  too  small  to 
permit  the  passage  of  the  foreign  matter  suspended  in  the  liquid,  and 
of  which  it  is  intended  to  purify  the  liquid  by  the  process  of  filtra- 
tion.   The  most  ordinary  filters  are  soft  stone,  paper,  and  charcoal. 

86.  Example  V. — Petrifaction. — Animal  and  vegetable  petrifao- 
tions  furnish  striking  examples  of  porosity,  since  the  stony  substance 
which  petrifies  them  must  have  been  infiltrated  through  their  mass, 
80  as  to  penetrate  all  their  fibres. 

87.  Example  VI.  —  Porosity  of  mineral  substances. — Mineral 
anbetances  are  all  more  or  less  porous.  Opaque  stones  are  in  general 
more  porous  than  transparent  ones.  Chalk  and  marble  are  formed  of 
the  same  constituents,  with  different  degrees  of  porosity.  If  water  be 
poured  on  chalk,  it  is  instantly  observed  passing  into  its  innermost 
pores ;  if  it  be  poured  on  marble,  it  rests  <on  the  surface  without  pene- 
trating. Stones,  however,  which  resist  the  admission  of  water  to  their 
pores  under  ordinary  circumstances,  will  be  penetrated  by  the  liquid, 
provided  an  intense  pressure  be  used  for  a  sufficient  length  of  time. 
ThaB,  stones  taken  from  the  bottom  of  the  sea,  especially  if  the  depth 
be  connderabk,  are  found  nenetrated  by  water  to  their  veir  oenlartt. 
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Among  silioeonB  stonee,  such  as  agate  and  flint,  tliexe  is  one  oallad 
Hydrophane,  whose  porosity  is  attended  by  a  singular  plieiiomenoii. 
A  piece  of  this  substance,  in  its  common  state,  is  nearly  (^Miqae ;  but 
if  it  be  plunged  in  water,  it  is  found,  on  withdrawing  it  from  the 
liquid,  to  be  nearly  as  transparent  as  ghiss.  In  this  case  the  water 
penetrates  the  stone  exactly  as  oil  penetrates  paper;  bubbles  of  air  are 
disengaged  from  its  pores,  which  are  filled  with  the  water  absorbed^ 
the  presence  of  which  gives  the  transparency. 

88.  Example  VII. — Porosity  of  mineral  strata. — Large  minerA 
masses  existing  naturally  in  the  strata  of  the  earth  present  example* 
of  porosity  still  more  striking.  Water  percolates  through  the  sides 
and  surfaces  of  caverns  and  grottos,  and,  being  impregnated  with  oal- 
careous  and  other  earths,  forms  stalactites,  or  pendulous  protuberancet| 
presenting  curious  appearances,  with  which  every  one  is  familiar. 
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89.  Compression  diminishes  tfte  bulk  and  augments  the  densitjf  — 
The  quality  in  virtue  of  which  a  body  allows  its  volume  to  be  dimin- 
ished without  diminishing  its  quantity  of  matter  is  called  compressi- 
bility, when  the  effect  is  produced  by  the  application  of  external  me* 
chanical  force ;  and  coutractibility  when  produced  by  change  of  tem* 
perature,  or  any  other  i^ncy  not  mechanical. 

When  the  volume  of  a  body  is  diminished,  whether  by  compres^ 
sion  or  contraction,  its  constituent  atoms  arc  brought  into  closer  ooo- 
tiguity,  its  pores  are  consequently  diminished,  and  its  density  propor- 
tionally increased. 

90.  Jtll  bodies  compressible. — All  known  bodies,  whatever  be  their 
nature,  are  capable  of  having  their  dimensions  reduced  without  dimin- 
ishing their  mass,  or  quantity  of  matter ;  and  this  is  one  of  the  most 
conclusive  proofs  that  all  bodies  are  porous,  or  that  their  constituent 
atoms  are  not  in  contact;  for  the  spaces  by  which  the  volume  is  dimin- 
ished must,  before  such  diminution,  consist  of  pores. 

91.  Compressibility  increases  with  porosity. — It  is  evident  in  gene- 
ral that  the  more  porous  a  body  is  the  greater  is  its-  compressibility. 
This  truth  is  manifested  by  innumerable  examples  derived  from  organ- 
ized bodies,  especially  those  .of  a  fibrous  texture.  All  those  whose 
porosity  is  such  as  to  allow  them  to  be  easily  penetrated  by  fluids  can 
be  diminished  by  the  application  of  pressure;  and  in  this  case,  if 
they  have  been  previously  filled  with  fluids,  these  fluids  are  expelled 
by  the  pressure  exactly  as  water  is  squeezed  firom  a  piece  of  sponge. 
Innumerable  processes  in  the  art^  supply  examples  of  this. 

46 


COMPRESSIBILITY  AND  CONTRACTIBILITY.  47 

92-  Cmmprtmom  of  wood. — Wood  of  even  the  hardest  kind,  In 
[to  natural  stale,  is  so  porous  as  to  absorb  both  air  and  water  in  con- 
iderable  quantities.  When  such  wood  is  nsed  in  the  arts,  in  cases 
rhere  extreme  hardness  is  required,  it  is  previously  submitted  to 
erere  pressure,  by  which  the  fluids  absorbed  are  expelled  from  the 
jonsy  the  volume  diminished,  and  the  density  increoflcd.  The  wooden 
redges  used  in  fastening  the  rails  of  the  railway  in  their  chairs  are 
vepared  in  this  manner. 

93.  Compression  of  stone, — Even  the  most  solid  stone,  when  loaded 
rith  a  considerable  weight,  is  found  to  be  compressed.  The  founda- 
ioos  of  buildings,  and  the  columns  which  sustain  incumbent  weights 
n  architecture,  supply  numerous  proofs  of  this. 

94.  Compression  of  metals. — Malleable  metals  are  compressed  by 
[Krcussion  or  hammering;  they  become  thus  more  compact  and  dense, 
b  the  process  of  coining,  medals  and  pieces  of  money  are  struck  by 
I  severe  pressure,  by  which  they  are  made  to  receive  the  impression 
md  characters  upon  them  more  accurately  than  softened  wax  would 
from  the  pressure  of  the  hand.  Under  the  blow  of  the  press  they 
not  only  change  their  form,  accommodating  themselves  to  the  charac- 
ters and  figures  sunk  upon  the  die,  but  they  are  at  the  same  time 
compressed  and  rendered  more  dense,  so  that  the  coin  or  medal  has  a 
Tolume  sensibly  less  than  the  blank  piece  had  before  it  was  struck. 

95.  Compression  of  liquids.  —  Liquids  in  general  are  less  easily 
eompressed  than  solids ;  so  much  so,  that  in  practical  science  they  kr^ 
Tffindcd  as  incompressible. 

They  are,  however,  strictly  speaking,  capable  of  a  slight  compres- 
BOD  under  the  operation  of  considerame  mechanical  force. 

It  might  be  supposed  that  the  Florentine  experiment  already 
aUnded  to,  in  which  water  enclosed  in  a  globe  of  gold,  and  submitted 
to  mechanical  pressure,  exuded  through  the  pores  of  the  metal,  esta- 
Uished  the  incompressibility  of  that  liquid ;  and,  in  fact,  the  experi- 
ment was  made  with  a  view  of  testing  that  quality  in  water,  but  tho 
experiment  as  executed  did  not,  and  could  not,  establish  this  con- 
dosion. 

It  is  quite  true  that  if  the  water  had  not  exuded  upon  the  change 
of  figure  of  the  globe,  the  compressibility  of  the  liquid  would  have 
been  established.  The  mere  escape  of  the  water  did  not,  however, 
prove  its  incompressibility.  To  accomplish  this  it  would  have  been 
necessary,-— ^5f,  to  measure  accurately  the  volume  of  water  which 
transuded  by  compression ;  and,  secondly^  to  measure  the  diminution 
of  volume  which  (he  vessel  suflfered  by  its  change  of  figure.  If  this 
diminution  were  greater  than  the  volume  of  water  which  escaped,  it 
would  follow  that  the  water  remaining  in  the  globe  had  been  coni- 
preased,  notwithstanding  the  escape  of  the  remainder ',  but  this  could 

neyer  have  been  accomplished  with  the  neceasATj  precisiou  in  6\xc\^ 

19  experimeDt,  mod,  consequently,  bo  far  as  the  quesdon  of  COm* 
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preflsibilitj  was  oonoerned,  nothing  was  proved  by  the  Florentine 
experiment 

96.  Compression  of  tDcUer  proved, — A  oentory  later,  howeYer,  m 
the  year  1761,  the  compressibility  of  water  and  other  liquids  wis 
established.  It  was  found  that  water,  submitted  to  %  meehanioal 
pressure,  amounting  to  fifteen  pounds  on  a  square  inch,  would  be 
diminished  in  its  volume  by  forty-five  parts  in  a  million ;  that  is  to 
say,  a  million  of  cubic  inches  would  be  reduced  to  about  forty-five 
cubic  inches  less. 

In  more  recent  experiments,  a  quantity  of  water  was  enclosed  in  a 
piece  of  cannon  and  submitted  to  a  mechanical  pressure  amountiiig  to 
fifteen  thousand  pounds  per  square  inch.  Under  this  pressure  it  was 
diminished  by  one-twentieth  of  its  volume,  and  the  cannon  enclosing 
it  was  burst 

97.  Compression  of  gases.  —  Of  all  forms  of  matter  the  gases  sie 
the  most  susceptible  of  compression.  This  quality  has  already  been 
briefly  noticed.     There  appears  to  be  no  pMctical  limit  to  the  oom- 

Sression  of  which  this  form  of  matter  is  susceptible,  its  volume  being 
iminished  in  the  exact  proportion  of  the  compressing  force  spplkd 
to  it 

98.  Contractihiliiy  of  liquids.  —  But  if  liquids  are  so  little  oona- 
preesiblo,  they  are,  in  a  very  high  degree,  susceptible  of  contraction. 

If  a  quantity  of  water  coloured  with  ink  or  other  colouring  matter 
be  included  in  a  glass  bulb  connected  with  a  tube  of  small  borOi  h 
will  be  found,  that  when  the  bulb  is  exposed  to  cold,  the  level  of  the 
coloured  water  in  the  tube  will  descend.  This  is  an  effect  of  the  ten- 
traction  which  the  liquid  undergoes  in  consequence  of  its  diminuAiflQ  | 
of  temperature.  This  contraction  by  cold  is  a  universal  quality  of 
matter,  which  will  be  explained  more  fully  in  a  subsequent  part  of 
this  work. 

CHAP.  vm. 

SLA8TI0ITT  AND  DILATABILITT. 


99.  Elastic  and  inelastic  bodies.  —  Elasticity  is  the  quality  in  ' 
virtue  of  which  a  body,  after  having  been  compressed,  recovers  its  ] 
former  dimensions,  on  being  relieved  from  the  force  which  compies- 
sesit 

Bodies  which  retain  their  compressed  state  after  the  force  ceases  to 
act,  and  do  not  resume  their  original  dimensions,  are  said  to  be  in- 
elastic. 

100.  Elasticity  of  gases.  —  The  class  of  bodies  which  afford  the 
most  striking  examples  of  elasticity  are  the  gases  and  aeriform  bodisa 
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If  a  qnanUty  of  air  be  included  in  a  syringe  under  a  piston^  and  1m) 
compressed  by  a  force  applied  to  the  piston,  on  the  removal  of  that 
force  the  air,  by  virtue  of  its  elasticity,  will  force  the  piston  upwards 
until  it  resumes  the  position  from  which  it  had  been  driven  by  the 
compressing  force. 

101.  ElaslicUy  of  liquids.  —  All  liquids,  when  compressed,  im- 
mediately recover  their  original  dimensions  when  relieved  from  the 
compressing  force,  and  therefore  mav  be  said  to  be  perfectly  elastic 
The  play  of  the  compressive  and  elastic  principle,  nowever,  in  the 
case  of  liquids,  is  so  extremely  limited,  that  for  all  practical  purposes 
this  form  of  body  is  treated  aa  both  incompressible  and  inelastic.  All 
the  theorems  of  those  parts  of  physical  science  called  HydrostatieSf 
Hydrodynamics,  HydraulicSf  &c.,  are  based  upon  the  principle  that 
liquids  are  incompressible  and  inelastic ;  for  although  it  be  true,  as 
has  been  stated,  that  within  certain  very  minute  limits  they  are  both 
compressible  and  elastic,  yet  these  limits  are  so  small  aa  to  produce 
no  appreciable  effects  under  ordinary  circumstances. 

102.  Expansibility  of  gases.  —  Gaseous  bodies  are  not  only  com- 
pressible and  elastic  without  any  practical  limit,  but  also  endued  with 
unlimited  dilatability.  Thus,  if  a  quantity  of  gas  be  included  in  any 
g^ven  volume,  and  that  this  volume  be  augmented  in  any  required 
proportion,  the  gas  will  spontaneously,  and  without  the  application 
of  any  external  agency,  dilate  itself  so  as  to  fill  the  augmented  volume, 
and  wis  expansion  will  go  on,  no  matter  to  what  extent  the  volume 
be  auffmented. 

103.  Elasticity  of  solids.  —  The  quality  of  elasticity  is  manifested 
in  solid  bodies,  but  in  a  less  decided  manner  than  in  gases.  Caout- 
chouc, or  elastic  gum,  is  perhaps  of  all  bodies  that  which  has  most 
elasticity.  This  quality,  combined  with  the  methods  recently  disco- 
vered of  varying  the  form  of  this  substance,  has  extended  considera- 
bly the  application  of  it  to  the  useful  purposes  of  life. 

104.  Examples  of  elasticity  of  solids.  —  The  following  examples 
will  illustrate  the  quality  of  elasticity  as  found  in  solid  booies. 

105.  Example  I. — loory  balls. — 1£  a  flat  and  hard  sur&oo  be 
nmeared  with  a  thin  coating  of  oil,  and  an  ivoiy  ball  be  allowed  to 
drop  upon  it^  the  ball  will  rebound  by  reason  of  its  elasticity.  On 
examining  that  part  of  the  surface  of  the  ball  which  struck  the  flat 
surface  from  which  it  rebounded,  it  will  be  found  that  a  somewhat 
extensive  circular  space  will  have  been  stained  with  the  oil.  If  the 
ball  be  brought  gently  into  contact  with  the  flat  sur&oe,  a  minute 
space  only  would  be  stained  with  the  oil.  Why,  then,  it  may  be 
asked,  did  a  larger  space  receive  a  stain  when  the  ball  was  allowed  to 
drop  with  a  certain  force  upon  the  surface?  The  answer  to  this  is, 
that  the  force  of  the  im^pact  flattens  the  surface  of  the  ball  to  a  per 
tain  extent;  that,  in  virtue  of  its  ehisticity,  the  ball  recovers  its 
spherical  figure;  and  that  the  force  with  which  it  recovers  this  figoie 
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i  the  rebound.  The  extent  of  the  surface  stained  by  the  oil  is 
•  little,  but  not  much  greater  than  the  extent  of  the  circle  flattened 
\>j  the  impact. 

If  the  ball  be  let  fall  from  several  different  heights,  it  will  be  found 
that  the  circular  space  stained  by  the  oil  will  be  greater,  the  more 
elevated  the  point  from  which  the  ball  is  allowed  to  depart.  This 
effect  is  only  what  might  have  been  anticipated;  the  greater  the 
height  from  which  the  ball  falls,  the  greater  will  be  the  force  of  the 
impact,  and  consequently  the  greater  will  be  the  extent  over  which 
its  surface  will  be  flattened,  and  the  greater,  consequently,  will  be  the 
elastic  force  which  produces  the  rebound. 

106.  Example  II. — Caoutchouc  balls. — If  such  an  cxperim^ent 
be  made  with  a  ball  composed  of  a  substance  softer  than  ivory,  and 
equally  elastic,  the  flattening  may  be  rendered  directly  perceptible  to 
the  senses.  This  may  be  made  evident  by  the  large  caoutchouc  balls 
inflated  with  air,  used  in  the  plays  of  children.  When  they  strike 
the  ground,  they  are  flattened  at  the  surface  over  a  circle  of  very  con- 
riderable  magnitude,  and  which  flattening  may  be  exhibited  by  press- 
ing them  on  the  ground  by  the  force  of  the  hand.  This  is  only  an 
exaggeration  of  wnat  would  actually  take  place  in  the  case  of  a  ball 
of  ivory  or  glass. 

107.  Example  III. — Elasticity  of  steel  springs, — Elasticity  in 
bodies  is  sometimes  manifested  by  their  disposition  to  recover  tlieir 
form  when  disturbed  by  a  force  which  docs  not  aflbct  their  volume. 
For  example,  a  plate  of  steel  when  bent  would  have  the  same  dimen- 
rions  which  it  had  before  the  pressure,  yet  its  elasticity  will  be  ren- 
dered apparent  by  its  immediately  recovering  its  original  form  after    f 
the  force  which  bends  it  had  ceased  to  act.     The  play  of  springs  of    j 
every  form  affords  examples  of  this.    When  a  straight  bar  of  steel  is 
bent  into  a  curve,  both  compression  and  expansion  of  its  moleoules 
take  place.     The  molecules  which  compose  that  side  which  becomes 
convex  are  forcibly  drawn  asunder,  and  those  which  form  the  surface 
which  becomes  concave  are  forcibly  compressed.     This  is  evident,  in- 
asmuch as  the  convex  side  becomes  longer,  and  the  concave  shorter, 
by  the  change  of  form.    The  tendency  of  the  molecules,  by  virtue  of 
their  elasticity,  to  recover  their  original  position,  causes  those  on  the 
convex  surfece  to  contract,  and  those  on  the  concave  surface  to  expand;   I  ^ 
the  combined  effects  of  such  contraction  and  expansion  being  the  resto-  I  ^ 
ration  of  the  bar  to  its  original  form.  ~ 

108.  Limits  of  the  elastic  force, — As  elasticity  results  from  a  de- 
rangement of  the  component  molecules  of  bodies,  it  will  be  easily 
understood  that  there  must  be  limits,  beyond  which  such  derange- 
ments cannot  be  produced  without  a  permanent  change  in  the  form 
of  the  body ;  and  there  are  consequently  limits  to  the  play  of  the 
elastic  principle.  These  limits  will  be  obviously  different  in  different 
bodies. 
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In  the  case  of  the  most  elastic  class  of  bodies,  such  for  example  as 
caoutchouc,  these  limits  are  very  extensive.  In  ivory  they  are  more 
extensive  than  glass,  for  ivonr  will  recover  its  figure  after  a  compres- 
sion which  would  cause  the  mcture  of  glass.  These  limits  are  nar- 
row in  the  case  of  such  metals  as  lead ;  for  although  considerable 
compression  will  not  cause  the  fracture  of  lead  as  it  would  that  of 
glass,  yet  the  derangement  which  such  compression  produces  amongst 
the  molecules  of  that  metal  is  greater  than  their  feeble  elasticity  can 
resist,  and  the  metal  accordin^y  takes  permanently  any  form  given 
to  it. 

109.  Elasticily  of  torsion. — Elasticity  is  sometimes  manifested  by 
tornon  or  twisting.  Thus,  let  us  suppose  a  filament  of  raw  silk  stretched 
by  a  weight  attached  to  it.  If  this  weight  be  made  to  revolve  several 
times  in  the  same  direction,  so  as  to  twist  the  silk  and  then  be  dia-' 
engaged,  the  fibre  of  silk  in  virtue  of  its  elasticity  will  untwine  itself 
causinff  the  weight  to  revolve  in  a  contrary  direction;  and  this  pro- 
cess (H  untwining  will  continue  undl  the  filament  recovers  its  origi- 
nal position ;  but  the  twisting  may  have  been  continued  to  such  an 
extreme,  as  to  exceed  the  limits  of  the  elasticity  of  the  silk;  and  in 
that  case  a  permanent  derangement  of  the  molecules  of  the  silk  will 
take  place,  and  it  will  not  recover  its  original  form. 

The  same  effects  would  ensue  if  the  weight  had  been  suspended  to 
a  fine  wire  of  copper,  silver,  or  any  other  metal,  but  the  limit  at 
which  the  twisting  would  produce  a  permanent  derangement  of  form, 
or,  in  other  words,  the  limit  of  play  of  the  elastic  principle,  would 
be  different 

110.  Dilatation  by  elevation  of  temperature, — When  the  exten- 
sion or  augmentation  of  the  volume  of  a  body  is  produced  by  any 
phymcal  a^ncy,  such,  for  example,  as  heat,  not  coming  under  the 
denomination  of  mechanical  force,  it  is  called  dilatation.  All  bodies 
whatever,  when  submitted  to  the  action  of  heat,  are  susceptible  of  hav- 
ing their  dimensions  enlarged ;  and  to  this  augmentation  of  magnitude, 
or  dilatation  by  increase  of  temperature,  there  is  no  practical  Emit. 

Innumerable  examples  of  the  operation  of  this  principle  in  the 
arts  and  sciences  may  be  produced. 

«  111.  Example  I. — Dilatation  of  liquids  in  thermometers, — ^In  the 
thermometer  the  dilatation  of  a  liquid  is  used  as  the  measure  of  the 
degree  of  heat  which  produces  it  This  instrument  consists  of  a 
gli^  bulb  attached  to  a  tube  of  small  bore.  The  tube  and  part  of 
the  bulb  are  filled  with  a  liquid.  As  the  temperature  to  which  the 
instrument  is  exposed  is  increased  or  diminished,  the  liquid  affected 
by  it  expands  or  contracts  in  a  much  greater  degree  than  does  the 
glass  in  which  the  liquid  is  contained.  The  consequence  of  this  is, 
Uimt  in  order  to  find  room  for  its  increased  volume,  a  portion  of  the 
liquid  in  the  bulb  is  forced  into  the  tube.  The  column  in  the  tube 
eonsequently  becomes  longer,  and  its  increase  of  length,  measured  hj 

61 


M  PROPERTIES  OF  MATTER. 

a  scale  attached  to  the  tube^  becomes  a  measure  of  the  increased 
temperatare. 

112.  Example  II. —  Useful  application  of  dilatation  and  contrac 
tion  of  metallic  bars, — The  dilatation  and  contraction  of  metal  oonse^ 
quent  upon  change  of  temperature  has  been  applied  some  time  agf 
in  Paris  to  restore  the  walls  of  a  tottering  building  to  their  proper 
position.  In  the  Conservatoire  des  Arts  et  MStierSj  the  walla  of  r 
part  of  the  building  were  forced  out  of  the  perpendicular  bj  the  weigh/ 
of  the  roof,  so  that  each  wall  was  leaning  outwards.  M.  Molard  oon- 
oeived  the  notion  of  applying  the  irresistible  force  with  which  metali 
contract  in  cooling  to  draw  the  walls  together.  Bars  of  iron  wen 
placed  in  parallel  directions  across  the  building,  and  at  right  anglei 
to  the  direction  of  the  walls.  Being  passed  through  the  walls,  nuts 
were  screwed  on  their  ends  outside  the  building.  Every  altcmate 
bar  was  then  heated  by  lamps,  and  the  nuts  screw^  close  to  the  iralk. 
The  bars  were  then  cooled;  and  the  lengths  being  diminished  by  con- 
traction, the  nuts  on  their  extremities  were  drawn  together,  and  with 
them  the  walls  were  drawn  through  an  equal  space.  The  same  pro- 
cess was  repeated  with  the  intermediate  bars,  and  so  on  alternately, 
until  the  walls  were  brought  into  a  perpendicular  position. 

113.  General  effects  of  dilatation  and  contraction,  —  Since  there 
is  a  continual  change  of  temperature  in  all  bodies  on  the  surface  of 
the  globe,  it  follows  that  there  is  also  a  continual  change  of  magni- 
tude. The  substances  which  surround  us  are  constantly  swelling  and 
contracting  under  the  vicissitudes  of  heat  and  cold.  They  ffrow 
smaller  in  winter,  and  dilate  in  summer.  They  swell  their  bulk  on 
a  warm  day,  and  contract  it  on  a  cold  one.  These  curious  pheno- 
mena are  not  noticed  only  because  our  ordinary  means  of  observatioa 
are  not  su£Sciently  accurate  to  appreciate  them.  Nevertheless,  in 
some  familiar  instances,  the  effect  is  very  obvious.  In  warm  weather 
the  flesh  swells,  the  vessels  appear  filled,  the  hand  is  plump,  and  the 
skin  distended.  In  cold  weather,  when  the  body  has  been  ezpotsed 
to  the  open  air,  the  flesh  appears  to  contract,  the  vessels  shrink,  and 
the  skin  shrivels. 


CHAP.  IX. 

INACTIVITY. 

114.  All  matter  inert. — The  quality  of  matter  which  stands  foie- 
most  in  importance  in  all  mechanical  inquiries,  forming  the  bisis  of 
the  whole  theory  of  force  and  motion,  is  inactivity  or  inertia  ;  and 
important  as  this  quality  is,  there  is  perhaps  nothing  which  has  given 
rise  to  so  many  erroneous  conceptions. 
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These  errors  have  chiefly  arisen  from  the  adoption  of  a  vicioas 
phraaeolo^  on  the  jMurt  of  many  writers  on  Natural  Philosophy. 

Inactivity  or  inertia,  as  the  form  of  the  words  implies,  is  a  nesa- 
tive  Quality.  It  consists  in  the  absence  of  a  certain  quality;  which 
must  DC  first  defined  before  these  terms  can  be  understood. 

Activity,  as  used  in  mechanics,  would  signify  a  power  of  sponta- 
neous motion ;  such  a  power,  for  example,  as  accompanies  vitality. 
If  a  mass  of  matter,  being  at  rest  and  uninfluenced  by  any  external 
agency,  could  put  itself  in  motion,  then  it  would  have  activity. 

If,  however,  a  mere  mass  of  matter,  being  at  rest,  and  uninfluenced 
by  any  extermil  agency,  cannot  put  itself  in  motion,  then  this  mass 
of  matter  is  not  endued  with  activity,  or,  in  other  words,  it  has  the 
quality  of  inactivity  or  inertia. 

Inactivity,  then,  is  the  quality  in  virtue  of  which  matter  is  incapa- 
ble of  spontaneous  change.  Whatever  be  its  state  of  rest  or  motion, 
in  that  state  it  must  continue  so  long  as  it  is  not  afiected  by  any  ex- 
ternal agency. 

This  quality  of  inactivity  is  one  of  the  earliest  and  most  universal 
results  ai  observatioD.  It  is  equivalent  to  stating  that  matter,  as 
mere  matter,  is  deprived  of  life ;  for  spontaneous  action  is  the  only  test 
of  the  presence  of  the  living  principle. 

Accordingly,  if  we  observe  a  mass  of  unorganixed  matter  undergo 
any  change  as  to  motion  or  rest,  we  never  seek  for  the  cause  of  the 
change  in  the  body  itself;  we  look  for  some  external  cause  pro- 
ducing it 

115.  Inertia  is  inability  to  change  state  of  rest  or  motion. — At  any 
given  moment  of  time  a  body,  mechanicaUy  considered,  must  be  in 
one  or  other  of  two  states,  rest  or  motion.  Inertia  or  inactivity  is 
the  total  absence  of  all  power  in  the  body  to  change  its  state.  11  ^e 
body  be  at  rest,  it  cannot  put  itself  in  motion ;  if  the  body  be  in  mo- 
tion, it  can  neither  change  that  motion  nor  reduce  itself  to  rest^.  Any 
Boch  change  must  be  produced  from  some  external  cause  independent 
cyfthe  body. 

116.  Vis  inertia,  a  term  leading  to  erroneous  conclusions. —  The 
phrase  vis  inertia,  or  force  of  resistance,  used  in  many  treatises  on 
Natural  Philosophy,  has  been  a  fertile  source  of  error.  Such  a 
phrase  implies  a  disposition  in  matter  to  resist  being  put  in  motion 
when  at  rest.  Now  no  such  dispo«tion  is  found  to  exist ;  and  if ^  it 
did  exist,  it  would  be  as  utterly  incompatible  with  the  quality  of  in- 
activity as  is  the  power  to  produce  spontaneous  motion. 

117.  Erroneous  supposition  that  matter  is  more  inclined  to  rest 
than  to  motion.  —  Innumerable  effects  which  fall  daily  under  our  ob- 
servation prove  to  us  the  inability  of  mere  matter  when  at  rest  to 
put  itself  in  motion,  or  when  in  motion  to  augment  its  speed;  but, 
on  the  other  hand,  w^  h>^ve  not  the  same  direct  and  manifest  evidence 
of  its  inability  to  destroy  or  diminish  any  motion  which  it  may  have 
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received ;  and  it  happens,  therefore,  that  while  few  will  deny  to  mat- 
ter the  former  effect  of  inertia,  many  will  at  first  doubt  or  {bSI  to  oom- 
prehend  the  latter. 

Philosophers  themselves,  so  late  as  the  epoch  signalized  by  the 
writings  of  Bacon,  held  it  as  a  maxim  that  matter  is  more  inclined  to 
rest  than  to  motion  3  and  this  being  so,  we  cannot  be  surprised  to  find 
those  who  have  not  been  familiar  with  physical  science  still  slow  to 
believe  that  a  body  once  put  in  motion  would  continue  for  ever  to 
move  in  the  same  direction  and  with  the  same  speed,  unless  stopped 
by  some  external  cause. 

But  a  careful  examination  of  the  circumstances  which  affect  the 
movement  of  the  bodies  around  us  with  which  we  are  most  fiimiliai 
will  soon  convince  us,  that  in  every  case  in  which  we  observe  the  mo- 
tfon  of  those  bodies  ^adually  diminished,  or  entirely  destroyed,  such 
effects  arise,  not,  as  has  been  erroneously  supposed,  from  any  natmal 
disposition  of  the  bodies  themselves  to  be  retarded  or  brought  to 
rest,  but  from  the  operation  of  causes  of  which  there  is  no  dimooltj 
in  rendering  an  account. 

In  some  of  the  modem  popular  works  on  Natural  Philosophy,  a 
trifling  experiment  is  mentioned  as  an  example  of  the  effect  of  inertia, 
and  explained  on  principles  somewhat  erroneous.  A  card  being 
placed  on  the  top  of  the  finger,  and  a  coin  placed  on  the  card,  a  sud- 
den blow  being  given  with  the  back  of  the  nail  to  the  edge  of  the 
card,  it  will  be  projected  from  its  place  between  the  coin  and  the  fiu- 
ger,  the  coin  remaining  unmoved  on  the  finger. 

This  has  been  explained  by  stating  that  the  inertia  of  the  coin  is 
comparatively  so  great,  that  the  friction  produced  between  it  and  the 
card  is  insufficient  to  move  it  from  its  place. 

If  by  these  words  it  be  understood  that  the  coin  resists  the  force 
exerted  upon  it  by  means  of  the  friction,  it  is  erroneous,  and  would  be 
incompatible  with  that  quality  of  inertia  to  which  the  effect  is  ascribed. 

The  correct  explanation  of  the  experiment  is  as  follows.  A  part 
of  the  momentum  given  to  the  card  by  the  blow  is  communicated  to 
the  coin  in  consequence  of  the  resistance  to  the  motion  of  the  card 
produced  by  the  friction  which  takes  place  between  it  and  the  coin. 
But  the  coin  contains  comparatively  so  much  matter,  that  this  mov- 
ing force,  when  distributed  among  its  component  particles,  which  it 
will  necessarily  be,  will  give  to  the  whole  coin  a  velocity  in  the  direc- 
tion of  the  motion  of  the  card  incomparably  smaller  than  that  of  the 
card,  and  so  small  that  the  resultant  of  this  force  and  of  that  pro- 
duced by  the  weight  of  the  coin  upon  the  finger,  scarcely  deviates 
from  the  direction  of  the  weight  of  the  coin :  consequently,  although 
the  coin  remains  on  the  finger,  it  does  not  remain  precisely  in  the 
pame  position  over  the  finger  which  it  had  when  it  rested  on  Uie  card; 
its  position  will  be  chang^  in  a  slight  degree  \n  the  direction  of  the 
motion  of  the  card. 
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118.  JVhy  the  motion  of  bodies  is  in  general  retarded^  and  ulti- 
mately  destroyed,  —  When  a  stone  is  rolled  along  the  surface  of  the 
ground,  the  ineqnalides  of  its  form,  as  well  as  those  of  the  ground  on 
which  it  moves,  present  impediments  which  gradually  retard  its  movo« 
ment,  and  soon  brine  it  to  rest.  Render  the  stone  round  and  smooth, 
and  the  ground  level,  and  the  motion  will  bo  considerably  prolon^d ; 
a  much  longer  interval  will  elapse,  and  a  much  greater  space  will  be 
traversed,  before  it  will  come  to  rest.  But  asperities  more  or  less 
considerable  will  still  remain  on  the  surface  of  the  stone,  and  on  the 
surface  of  the  ground.  Substitute  for  it  a  ball  of  highly  polished 
metal,  moving  on  a  highly  polished  steel  plane  truly  level,  and  then 
the  motion  wul  continue  for  a  very  long  time. 

But,  even  in  this  case,  asperities  will  remain  on  the  surface  of  the 
moving  body,  as  well  as  on  the  surface  on  which  it  moves,  which  will 
gradually  destroy  the  motion,  and  ultimately  bring  it  to  rest 

But,  independently  of  the  obstructions  to  the  motion  of  bodies 
arising  from  the  friction  of  the  surfaces  which  move  in  contact  with 
each  other,  all  motions  which  take  place  on  or  near  the  surface  of  the 
earth  are  necessarily  made  in  the  fluid  medium  of  the  atmosphere. 
This  fluid,  however  attenuated,  still  ofiers  considerable  resistance  to 
the  motion  of  bodies  through  it.  An  extensive  flat  surface  spread  at 
right  angles  to  the  direction  of  the  motion  will  thus  meet  a  powerful 
resistance.  This  resistance  arises  from  the  body  moved  being  com- 
pelled to  push  out  of  its  way  a  volume  of  air  proportional  to  the 
extent  of  the  surface  which  the  body  presents  in  the  direction  of  the 
motion.  K  on  a  calm  day  an  open  umbrella  be  carried  with  its  con- 
cave BurfiEM^  presented  in  the  direction  in  which  we  are  moving,  a 
powerful  resistance  will  be  encountered,  which  will  increase  with 
eveiT  increase  of  speed. 

119.  Astronomy  supplies  conclusive  proofs  of  the  law  of  inertia, — 
As  these  causes  of  resistance  to  the  motion  of  bodies  are  everywhere 

§  resent  on  and  near  the  surface  of  the  earth,  we  are  unable,  by 
irect  experiment,  to  establish  the  proposition  that  a  body  when  once 
put  in  motion  would  continue  for  ever  to  move  in  the  same  direction, 
and  with  the  same  speed,  if  undisturbed;  but  astronomical  observa- 
tions supply  an  immense  mass  of  evidence  to  establish  this  principle. 
In  the  heavens  we  find  a  vast  apparatus,  eveiy  movement  of  every 
part  of  which  establishes  incontrovertibly  the  inertia  of  matter,  inas- 
much as  the  reasoning  by  which  all  these  motions  are  explained,  and 
by  which  all  these  phenomena  are  predicted,  is  based  upon  the  fun- 
damental principle  of  the  complete  inertia  of  matter.  The  celestial 
bodies,  removed  from  all  the  casual  obstructions  and  resistances  on 
the  suirface  of  the  globe  which  disturb  our  reasoning,  roll  on  in  their 
appointed  paths  with  unerring  regularity,  preserving  undiminished  all* 
that  motion  which  they  received  at  their  creation  from  the  hand 
which  launched  them  into  space.     These  phenomena  alone,  unsup 
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ported  by  other  reasoning,  would  be  suffieient  to  establish  the  quality 
of  inertia;  but,  viewed  in  connection  with  the  other  circumstances 
already  mentioned,  and  with  the  whole  superstructure  of  mechanical 
science;  leading  to  innumerable  truths  verified  by  daily  and  houily 
experience,  no  doubt  can  remain  that  this  important  principle  is  a 
universal  law  of  nature. 

120.  Examples  of  inertia. — The  following  examples  will  illustnta 
the  qualities  of  inertia : — 

121.  Example  I. — Effect  of  sudden  change  of  speed  on  Jioraebacl 
or  in  a  carriage. — If  a  horse  or  vehicle  of  any  kind  moving  with  con- 
siderable speed  be  suddenly  stopped  by  any  cause  which  does  not  at 
the  same  time  affect  the  rider  or  those  who  are  transported  by  the 
vehicle,  then  the  body  of  the  rider,  or  those  who  are  transported, 
still  retaining  the  progressive  motion  of  which  the  horse  or  vehicle  is 
suddenly  deprived,  will  be  projected  forwards;  and  unless  some 
means  of  resistance  be  adopted,  the  rider  will  be  thrown  over  the 
head  of  the  horse,  and  the  passengers  thrown  forwards  firom  the 
vehicle. 

In  the  same  manner,  if  a  horse  or  vehicle  being  at  rest  be  sud- 
denly started  forwards  with  considerable  speed,  the  rider,  or  the  per- 
sons placed  upon  the  vehicle,  not  being  as  suddenly  affected  by  the 
same  forward  motion,  will  be  thrown  backwards. 

In  both  these  cases  the  effects  are  the  consequence  of  the  quality 
of  inertia.  In  the  one  case  they  manifest  the  tendcncv  of  the  bodies 
to  continue  the  motion  they  have  already  received,  and  in  the  other 
they  manifest  the  disposition  of  the  same  bodies  to  continue  at  rest 

122.  Example  II. — Leaping  from  a  carriage  in  motion.  —  If  a 
passenger  in  a  carriage  which  moves  with  considerable  speed  leap  to 
the  ground,  he  will  fall  in  the  direction  in  which  the  carriage  if 
moving;  for  in  descending  to  the  ground  his  entire  body  will  still 
retain  all  the  progressive  motion  which  it  had  in  common  with  the 
carriage.  When  his  feet  touch  the  ground,  they  and  they  alone  will 
be  suddenly  deprived  of  this  progressive  motion,  which  being  re- 
tained by  the  remainder  of  his  body,  he  will  fall  as  if  he  were  tripped 
up  by  some  object  impeding  his  motion,  in  the  direction  of  the 
carriage. 

123.  Example  III. — Coursing. — The  sport  of  coursing  presents 
many  amusing  and  instructive  examples  of  the  force  of  inertia. 
From  the  movements  of  the  hare,  one  might  suppose  that  he,  in- 
deed, is  an  expert  mechanical  philosopher.  The  hound  which  pur- 
sues it  being  a  comparatively  heavy  body,  and  moving  at  the  same  or 
a  greater  speed,  cannot  suddenly  arrest  its  course,  because,  in  virtue 
of  its  inertia,  it  has  a  tendency  to  proceed  forward  in  the  same 
straight  line. 

The  hare,  a  comparatively  light  body,  and  moreover  being  pre- 
pared for  the  evolution,  first  gnidually  retards  its  motion  so  as  lo 
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liminisli  the  effecia  of  inertia,  and  at  the  moment  when  the  hoondy 
urged  to  its  extreme  speed,  is  in  the  act  of  seizing  the  game,  the 
lare  dezteroosly  turns  at  an  acute  angle  to  its  former  course,  leading 
he  hound  propelled  forwards  in  the  direction  in  which  it  was  pre- 
riouslj  moving. 

Thus,  if  the  line  A  B  (Jig.  2.)  represent  the  direc- 
tion in  which  the  hound  was  pursuing  the  hare,  the 
hare,  having  arrived  at  the  point  o,  suddenly  turns  in 
the  direction  o  d;  while  the  hound,  unprepared  for  the 
trick,  and  hurried  forward  by  the  inertia  of  its  motion, 
18  carried  on  in  the  direction  A  b  to  the  point  b,  while 
the  hare  has  passed  along  the  line  o  d  to  the  point  d. 
The  distance  now  between  the  hound  and  the  hare  is 
the  line  b  d,  the  base  of  the  obtuse  angle  formed  by 
two  lines,  o  b  and  o  d,  simultaneously  moved  over  by 
the  hound  and  the  hare. 
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CHAP.  X. 

SPECIFIC  PBOPERTIES. 

124.  Properties  general  and  specific,  —  The  qualities  of  matter 
which  have  been  illustrated  and  explained  in  the  preceding  chapters, 
ire  those  which  are  common,  in  a  greater  or  less  degree,  to  all 
bodies,  in  whatever  form  or  under  whatever  circumstances  they  may 
sxist.  There  remains  to  be  noticed  another  group  of  properties 
which  may  be  denominated  for  distinction,  specific  properties,  being 
found  in  some  species  of  matter  and  not  in  others,  or  at  least  vary- 
ing in  •degree  so  extremely  in  different  sorts  of  bodies  as  to  give  them 
Bpecifb  characters. 

125.  Elasticity  and  hardness.  —  Although  the  property  of  elas- 
ticity in  its  general  sense  may  be  considered  as  one  which,  in  various 
degrees,  is  common  to  all  bodies,  yet  it  is  manifested  in  so  peculiar  a 
manner  in  bodies  of  different  forms,  that  it  may  be  not  incorrectly 
considered  as  giving  them  a  specific  character.  It  is  intimately  con- 
nected with  another  mechanical  quality  which  may  be  called  hard- 
ness. 

This  quality  consists  in  a  certain  degree  of  coherence,  by  which 
the  constituent  molecules  of  a  body  keep  their  relative  position  so  as 
to  resist  any  force  which  tends  to  change  the  figure  of  the  body. 

126.  Relatioe  hardness  of  metals.  —  Hardness  is  distinct  from 
density,  as  we  frequently  find  the  most  dense  bodies  possess  this 
quality  in  a  much  less  degree  than  lighter  substances.     Glass,  for 
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example,  is  harder  than  go1d|  or  even  than  pkdnaniy  whicli  it  itill 
harder  and  denser  than  gold.  A  piece  of  glass  will  scratch  the  sur- 
face of  gold  or  platinum,  an  effect  which  shows  that  the  particles  of 
gold  or  platinum  yield  and  are  displaced  more  easily  than  those  of 


Again,  in  comparing  different  species  of  metals  one  with  another, 
their  hardness  is  evidently  independent  of  their  densities.  6^1d  and 
platinum,  the  most  dense  of  metals,  are  softer  than  iron  or  zinc,  whicli 
are  much  lighter.  Among  the  hardest  of  the  metals  are  iron,  nne, 
copper,  manganese,  nickel,  titanium,  and  pelagium.  The  softest  of 
the  common  metals  is  lead,  hut  the  new  metals  developed  hj  chem- 
ical enquiries,  such  as  potassium  and  sodium,  are  so  soft  as  to  yield 
under  the  finger  like  putty. 

127.  Hardness  of  a  metal  may  he  modified,  —  Some  metals  ars 
capable  of  having  their  structure  modified  without  the  comhinatioa 
of  any  other  su^tance  with  them,  so  as  to  render  them  harder  or 
softer  within  certain  limits  at  pleasure.  Thus  steel,  when  heated, 
and  then  suddenly  cooled  by  being  plunged  in  cold  water,  beoomei 
harder  than  glass;  but  if  it  be  cooled  more  gradually,  then  it  beoomei 
soft  and  flexible. 

128.  Effects  of  elasticity.  —  Elasticity  manifests  itself  in  yaridos 
ways  according  to  the  form  and  character  of  the  body  to  which  it  be- 
longs. The  elasticity  of  a  flat  and  thin  bar  of  steel  is  manifested  by 
the  force  with  which  it  will  recover  its  figure  when  bent  by  lateral 
pressure ;  the  elasticity  of  an  ivory  ball  is  manifested  by  the  force 
with  which  it  will  recover  its  figure  when  flattened  by  impact 
against  some  hard  surface.  In  the  case  of  a  steel  spring,  the 
body  yields  to  a  slight  pressure,  readily  changing  its  form ;  in  the 
case  of  an  ivory  ball,  the  body  does  not  yield  to  mere  pressure,  and 
reouires  the  force  of  impact  to  produce  change  of  form. 

When  the  force  with  which  the  form  of  a  body  is  recovered  is 
equal  to  the  force  by  which  its  form  has  been  changed,  the  eUsticitj 
is  said  to  be  perfect.  Thus,  if  a  bent  spring  recover  its  position  when 
relieved  from  the  force  which  bent  it  with  an  energy  equal  to  such 
bending  force,  then  the  spring  is  said  to  be  perfectly  elastio ;  hot 
when  the  restoring  force  is  less  than  the  bending  force,  the  elasticity 
is  imperfect  In  the  same  manner,  if  an  ivory  ball  flattened  by  a 
blow  recover  its  form  with  a  force  equal  to  that  of  the  blow  which 
flattens  it,  the  elasticity  is  perfect,  but  otherwise  imperfect 

129.  J>ro  body  either  perfectly  elastic  or  perfectly  inelastic.  —  It 
has  been  erroneously  said  in  some  popular  treatises,  that  while  some 
bodies  are  highly  elastic,  others  are  utterly  deprived  of  this  quality. 

It  is  more  exact  to  say  that  no  body  whatever  is,  in  an  absolute 
sense,  either  perfectly  elastic  or  perfectly  inelastic.  All  bodies  poe* 
sess  some  decree  of  elasticity,  however  small,  and  no  known  body  is 
absolutely  and  perfectly  elastio.    But  some  bodies  such  as  the  gasesy 
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for  example,  possess  elastidty  in  so  high  a  degree,  and  others,  such 
as  the  liquids,  in  a  degree  comparatively  so  small,  that  not  only,  in 
popular  language,  is  the  one  considered  elastic  and  the  other  inelas- 
tic, hut  it  mis  been  found  convenient  to  assume  hjpothetically  these 
two  qualities  of  perfect  elasticity  and  perfect  inelasticity  as  the  bases 
of  those  divisions  of  physical  science,  m  which  the  laws  which  regu- 
late the  phenomena  of  liquids  and  gases  are  developed. 

It  has  been  already  shown,  however,  that  liquids  themselves  admit 
of  some  compression,  and  it  may  be  added  that  they  recover  their 
volume  with  a  force  sensibly  equal  to  the  compressing  force ;  and  to 
this  extent,  and  in  this  sense,  they  are  therefore  dmost  perfectly  elastic. 

180.  Elasticity  not  proportional  to  hardness.  —  The  quality  of 
elasticity  is  intimately  connected  with  that  of  hardness ;  so  much  so, 
that  it  has  sometimes  been  said  that  one  quality  is  proportional  to  the 
other.  This  is,  however,  erroneous.  Many  of  the  gums,  and  emi- 
nently that  called  caoutchouc,  are  highly  elastic,  and  yet  these  sub- 
stances are  among  the  softest  of  the  solids.  The  elasticity  of  caout- 
chouc is  nearly  perfect,  and  yet  this  substance,  especially  when  it  is 
warm,  has  great  softness.  On  the  other  hand,  glass,  flint,  marble, 
and  ivory,  f^ord  examples  of  solids  in  which  hardness  is  combined 
with  great  elasticity. 

Putty,  wet  paste,  moist  clay,  and  similar  bodies,  afford  examples  of 
snbetanoes  nearly  deprived  of  elasticity.  The  figure  of  any  of  these 
may  be  changed  by  pressure  or  by  impact,  and  no  tendency  to  re- 
cover the  figure  so  changed  is  perceptible. 

131.  Vibratory  mettds.  —  Sound,  as  will  be  explained  hereafter, 
is  produced  by  vibration  imparted  to  the  air  by  some  solid  body 
which  is  itself  in  a  state  of  sympathetic  vibration.  It  is  obvious, 
therefore,  that  the  metals  best  suited  for  bells,  and  other  forms  of 
matter,  intended  to  produce  sound,  must  be  those  which  are  most 
elastic 

132.  Hardness  and  elasticity  of  metals  affected  by  their  combina- 
tion.— ^The  hardness  and  elasticity  of  metals  are  affected  in  a  striking 
manner  by  their  combination. 

It  often  happens  that  two  metals,  neither  of  which  is  eminently 
hard  or  clastic^  produce  by  their  combination  in  certain  proportions, 
one  which  possesses  these  qualities  in  a  high  degree.  Thus,  bells 
formed  of  pure  copper,  or  of  pure  tin,  will  have  little  sonorous  qua- 
lity;  but  if  these  two  metals  be  combined  in  a  certain  proportion,  the 
'H>mbined  metal  will  give  a  beautiful  musical  sound.  The  compounds 
of  different  metals  which  have  this  quality  are  accordingly  known  as 
hell  metal, 

183.  Flexibility  and  brittleness. — When  a  body  easily  yields,  and 

chanses  its  form  in  obedience  to  a  force  exerted  at  right  angles  to  its 

leogw,  as,  for  example,  when  a  bar  being  supported  at  the  middle  is 

preiiiied  upon  the  endS;  it  is  said  to  be  flexible;  but  if  upon  the  ao- 
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tion  of  sach  a  force,  instead  of  yielding  and  changing  its  bm^  it 
breaks,  it  is  said  to  be  brittle. 

Flexibility  and  brittleness  are  specific  qualities  which  bodies  poflsn 
in  an  infinite  variety  of  degrees. 

In  general,  brittleness  is  connected  with  hardness ;  nor  is  it,  u 
mi^ht  at  first  appear,  at  all  inconsistent  with  certain  forms  of  c^ 
ticity.  Glass,  for  example,  which  is  highly  elastic,  is  also  the  moik 
brittle  of  known  substances. 

Brittleness,  like  hardness  and  elasticity,  is  a  quality  which  the 
same  body  may  acquire,  or  be  deprived  of,  according  to  certain  condi- 
tions to  which  it  may  be  subjected. 

Thus,  the  metals,  iron,  steel,  brass,  and  copper,  if  thcj  be  betted 
and  suddenly  cooled,  by  being  plunged  in  cold  water,  will  become 
brittle ;  but  if,  when  heated,  they  are  buried  in  a  hot  sand-bath,  and 
allowed  to  cool  very  gradually,  then  they  will  lose  their  brittleaBsn^ 
and  acquire  the  contrary  quality  of  flexibility. 

134.  MaUeability. — Malleability  is  a  quality  by  which  the  metili 
in  general  are  eminently  distinguished,  but  which  they  possess  in  ex- 
tremely different  degrees.  This  property  is  one  in  virtue  of  which  i 
substance  admits  of  being  reduced  to  thin  plates  or  leaves  under  the 
blow  of  a  hammer,  or  the  intense  pressure  of  rollers.  No  process  if 
of  more  extensive  use  in  the  arts.  In  large  iron  works,  great  lamps 
of  metal  at  a  white  heat,  but  still  solid,  are  taken  from  the  fnrosee, 
stuck  upon  the  end  of  a  long  bar  of  iron,  and  placed  under  a  sledge 
hammer  of  enormous  weight,  which  rapidly  strikes  them,  and  redooei 
them  to  an  elongated  form  approaching  to  that  of  an  iron  bar.  The 
metal,  helust  still  red  hot,  is  then  passed  between  rollers,  which  are 
formed  to  the  shape  of  the  transverse  section  of  the  rails  used  on  our 
railways. 

When  pressed  between  and  drawn  through  these  rollers,  the  rail 
has  acquired  its  proper  form,  but  is  still  red  and  soft;  and  when  re- 
ceived from  the  rollers  is  so  flexible,  that  it  bends  by  its  own  weight 
like  a  rod  of  wax.  It  is  then  laid  on  a  flat  surface,  where  it  cools  and 
hardens,  and  assumes  the  condition  of  the  rails  on  which  we  travel. 

The  malleability  of  bodies  depends  on  the  combination  in  them  of 
the  qualities  of  tenacity  and  softness.  Without  softness,  they  could 
not  yield  to  the  impact  of  the  hammer  or  the  pressure  of  the  roller; 
without  tenacity,  they  would  be  fractured  by  the  severe  process  of 
their  fabrication. 

The  most  malleable  of  the  metals  are  gold,  silver,  iron,  and  copper. 

135.  Malleability  varies  with  temperature,  —  The  malleability  of 
a  metal  varies  in  degree  according  to  its  temperature.  There  are 
certain  tcmperatui*cs  in  which  this  quality  exists  in  the  highest  de- 
gree. Iron  is  most  malleable  when  it  first  attains  the  white  heat 
which  follows  the  red ;  zinc  becomes  malleable  at  a  much  lower  tem- 
perature, passesaing  this  quality  in  the  greatest  degree  between  800^ 
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lb(Kf .  Soae  metals  poeseas  the  qnality  of  malleability  in  so 
t  a  degree  as  to  be  in  this  respect  specifically  difierent  from 
Is  in  genoal :  among  them  may  be  mentioned  antimony,  arsenic, 
ithy  and  cobalt,  all  of  which  are  brittle. 

e  metals  may  be  rendered  brittle  as  they  are  rendered  hard,  by 
heated  and  then  suddenly  cooled,  in  which  case  they  lose 
malleable  quality.  This  qnality,  however,  may  always  oe  re- 
I  by  again  heating  them  and  cooling  them  gradually,  as  before 
bed. 

3.  Process  of  annealing.  —  This  process  of  gradually  cooling, 
I  is  of  great  importance  in  the  arts,  is  called  annealing, 
•tals  are  also  rendered  brittle,  and  deprived  of  their  malleability, 
mstant  hammering.  Thus,  a  bar  of  iron  may  bo  hammered 
it  entirely  loses  its  fleidbilit^.  In  this  case,  as  before,  the  nud- 
ity may  be  restored  by  heating  and  annealing. 
7.  Welding. — Metals  which  are  highly  malleable  admit  of  bo- 
mited,  piece  to  piece,  by  the  process  called  welding.  In  this 
flB,  the  two  pieces  of  metal  are  raised  to  that  heat  at  which  they 
XMt  malleable,  and  the  ends  being  laid  one  upon  the  other,  are 
Jy  beaten  by  a  welding-hammer.  The  particles  are  thus  driven 
nch  intimate  contact,  that  they  cohere,  and  form  one  uniform 
Different  metals  may  in  some  cases  be  thus  welded  together. 
18.  DmetUiiy. — ^The  property  in  virtue  of  which  a  metal  admits 
anc  drawn  into  wire,  is  called  ductility.  This  quality  is  also 
SDtly  specific,  being  possessed  by  some  sorts  of  metal  in  a  very 
de^eey  while  others  are  entirely  destitute  of  it. 
0.  Ductility  different  from  malleability. — Ductility  is  a  quality 
h  most  not  be  confounded  with  malleability;  for  the  same 
It  are  not  always  ductile  and  malleable,  or,  at  least,  do  not  pos- 
thflse  qualities  in  the  same  degree. 

OQ  possesses  ductility  in  a  much  greater  degree  than  it  possesses 
eafaility,  for  it  admits  of  being  drawn  into  extremely  fine  wire, 
gh  it  cannot  be  beaten  into  extremely  thin  plates.  Tin  and 
,  on  the  other  hand,  are  highly  malleable,  being  capable  of  being 
oed  to  extremely  attenuated  leaves;  but  they  are  not  ductile, 
I  they  cannot  be  drawn  into  small  wire. 

old  and  platinum  possess  both  ductility  and  malleability  in  a  high 
ee.  Grold  has  been  drawn  into  wire  so  fine,  that  180  yards' 
th  of  it  did  not  weigh  more  than  one  grain,  and  an  ounce  weight 
Id  consequently  extend  over  fifty  miles. 

40.  Tenacity. — The  property  in  virtue  of  which  a  body  resists 
separation  of  its  parts,  by  extension  in  the  direction  of  its  length, 
died  tenacity.  This  manifestation  of  strength  must  be  carefully 
ingoished  from  that  of  which  the  absence  or  feebleness  is  ex- 
■ed  by  britUeness.  The  one  form  of  strength  may  exist  in  the 
Mat  degtee  in  a  hodvin  wbiob  the  other  ia  in  the  lowest  degcee* 
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A  thin  rod  of  glass,  if  laid  at  its  middle  point  on  any  support,  will 
be  broken  by  the  slightest  force  pressing  on  its  ends ;  but  the  saine 
rod,  if  suspended  by  one  end  in  a  vertical  position,  will  sustain  an 
immense  weight  attached  to  the  lower  end  without  being  broken.  It 
has  at  once  great  brittleness  and  great  tenacity ;  while  its  longitodi- 
nal  strength  is  considerable,  its  lateral  strength  is  almost  nothing. 

Different  bodies  vary  extremely  in  their  tenacity.  Experimenti 
have  been  made  on  an  extensive  scale  for  determining  the  tenacity  of 
those  bodies  most  used  in  the  arts.  The  tenacity  of  metals  has  been 
tested  by  suspending  a  weight  from  the  end  of  a  wire. 

141.  Table  showing  the  relative  tenacities  of  metals, — Tn  the  fol- 
lowing table,  the  greatest  weights  are  given  which  were  found  to  be 
supported  by  wires  of  the  different  metals,  having  a  diameter  of 
jl^ggths  of  an  inch: 

Wdgbta  rappovtdL 

Iron 549-250  lbs. 

Copper 302-278  « 

Platinum 274-320  « 

Silver 187-137  « 

Gold 150-178  « 

Zinc 109-540  « 

Tin 34-630  « 

Lead 27-621  « 

The  process  of  annealing,  which  improves  the  malleability  and 
ductility  of  metals,  is  found  in  some  cases,  as,  for  example,  in  iroDi 
copper,  and  the  combinations  of  zinc  and  copper,  to  diminish  their 
tenacity. 

In  organized  substances,  those  which  possess  a  fibrous  texture  havi 
greater  tenacity  than  those  of  cellular  tissue.  Hence,  we  find  that 
cotton  has  much  less  tenacity  than  thread,  rope,  or  silk. 

142.  Tenacity  of  fibrous  textures,  —  L'Abbe  Labillardi^  fimnd 
that  threads  of  the  following  substances,  having  the  same  diametflff 
were  capable  of  supporting  weights  in  the  proportion  of  the  annexed 
numbers : — 

Silk 3400 

New  Zealand  Flax 2380 

Hemp 1633 

Flax  (common) 1175 

Ditto  (Pita)  (Agave  Americana) 700 

143.  Chemical  properties, — ^There  is  an  endless  variety  of  specific 
properties  of  bodies,  the  exposition  and  investigation  of  which  belong 
proiKirly  to  chemistry.  It  will  be  sufGlcient  here  to  notice  briefly  the 
distinctions  between  these  qualities  and  those  which  form  the  proper 
wbjeotB  of  Natural  Philosophy,  commonly  bo  denominated. 
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If  two  Babstanoe8|  beinff  mixed  together,  retain  respeotiyelj  their 
separate  qualities,  the  oomoinatioii  is  said  to  be  a  mechanical  mix- 
ture. Thus,  if  blue  and  yellow  powders  be  mingled  together,  the 
mixture  will  appear  green ;  but  on  examining  it  with  a  microscope, 
it  will  appear  to  consist  of  large  blocks  of  matter,  of  the  colours  blue 
and  yellow,  these  being  the  particles  of  the  separate  powders  retain- 
ing their  distinctive  qualities,  which  are  mechanically  mingled.  The 
combination  produces  upon  the  eye  a  green  colour,  the  effect  of  the 
leparate  particles  being  too  minute  to  be  separated  by  unassisted 
yiaon. 

There  are  two  gases,  called  oxygen  and  hydrogen,  which  have  the 
Dommon  mechanical  properties  of  atmospheric  air.  K  one  ounce 
weight  of  hydrogen  be  mingled  with  eight  ounces  of  oxygen,  the 
gases  will  be  interfused  and  mingled ;  but  the  entire  mass  will  re- 
tain the  same  mechanical  qualities  as  before,  and  the  separate  par- 
ticles will  remain  side  by  side  in  the  mixture,  exactly  as  did  the  par- 
ticles of  blue  and  yellow  powder  in  the  preceding  example. 

But  if  an  electric  spark  be  imparted  to  this  mixture,  a  striking 
change  will  take  place.  The  mixture  will  in  an  instant  be  reduced 
to  water,  or  rather  to  vapour,  which,  being  cooled,  will  be  soon  con- 
verted into  water.  In  fact,  the  oxygen  has  in  this  case  united  with 
the  hydrogen,  and  the  mass  has  lost  the  mechanical  qualities  which 
It  possessed,  and  has  acquired  those  of  the  liquid  water.  This  is  a 
chemical  phenomenon. 

There  is  a  metal  called  sodium,  and  a  gas  called  chlorine,  each  of 
which,  separately,  is  poisonous,  and  destructive  of  life,  if  taken  into 
the  stomach  or  lungs.  If  these  two  substances  be  brought  together, 
they  immediately  explode,  and  burst  into  flame.  If  the  substance 
resulting  from  this  phenomenon  be  preserved  and  cooled,  it  will  be 
found  to  be  common  kitchen-salt,  one  of  the  most  wholesome  con- 
diments, and  highly  antiputrescent.  Thus,  two  ingredients  possess* 
ing  the  most  noxious  properties,  when  combined  chemically,  los9 
those  properties,  and  produce  a  substance  wholly  different  in  form 
and  quantity. 

The  investigation  of  this  and  all  similar  phenomena  belongs  to  the 
province  of  chemistry. 
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CHAPTER  I. 

THE  COMPOSITION  AND  RESOLUTION  OF  FORCES. 

144.  Force  produces^  destroys,  or  changes  motion.  —  Any  Mgaoej 
which,  applied  to  a  hodj,  imparts  iDotion  to  it,  or  produces  presson 
upon  it,  or  causes  both  of  these  effects  together,  is  called  in  me- 
chanics, a  force. 

To  determine  a  force,  therefore,  with  precision,  three  things  iR 
necessary: 

First,  the  point  of  the  body  to  which  it  is  applied,  tochnioittj 
called  its  point  of  application ; 

Secondly,  its  intensity  or  quantity  ;  and 

Thirdly,  its  direction, 

146.  Force  expressed  by  weight,  —  It  is  in  general  convenieiit 
and  customary  to  express  the  intensity  or  quantity  of  fbroes  lij 
equivalent  weights.  Weight  is  the  sort  of  force  with  which  we  are 
most  fumiliar.  Every  one  is  acquainted  with  the  effect  produced  bj 
the  pressure  of  a  given  weight;  and  whatever  be  the  force  whose 
intensity  or  quantity  it  is  re<|uired  to  express,  a  weight  may  be  named 
which  would  produce  the  same  effect.  Thus,  if  a  piece  of  iron,  at- 
tracted by  a  magnet,  be  n^sistcd  by  any  surface,  it  will  press  agaissk 
this  surface  with  a  certain  force.  A  weight  may  in  this  case  be  as- 
sumed, which,  being  placed  in  the  dish  of  a  balance,  would  press  upoa 
the  surface  of  the  dish  with  the  same  force.  The  intensity  of  the 
attraction  of  the  magnet  on  the  iron  would  then  be  expressed  by  the 
amount  of  such  an  equivalent  weight. 

140.  Direction  of  a  force. —  When  a  force  applied  to  any  point 
of  any  body  causes  that  point  to  move,  the  direction  of  its  motion  ii 
the  direction  of  the  force.  If  the  force  do  not  pi-oduce  motion,  but  mere 
pressure,  then  the  direction  of  the  force  is  that  in  which  the  pressure 
is  directed,  and  in  which  the  point  would  move  in  obedience  to  the 
force,  if  it  were  free. 

147.  Effect  of  forces  acting  in  tJie  same  direction.  —  If  (wool 
more  forces  act  upon  the  same  point,  and  in  the  same  diiectioOf 
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their  effect  will  be  equivalent  to  a  single  l\)ree  which  is  equal  to  their 
sum.  This  is  so  self-evident,  that  it  scarcely  needs  demonstration. 
If  a  vehicle  be  drawn  by  three  horses,  one  placed  before  the  other, 
one  horse  pulling  with  a  force  of  80,  another  with  a  force  of  60,  and 
the  third  with  a  foroe  of  40  lbs.,  then  the  combined  action  of  the 
three  horses  upon  the  vehicle  will  be  equal  to  the  action  of  a  single 
horse  which  should  pull  with  a  force  of  180  lbs.,  which  is  equal  to 
80  lbs.  +  60  lbs.  +  40  lbs. 

148.  Resultant  of  forces  in  the  same  direction,  —  A  single  force 
acting  on  a  body  which  would  thus  produce  the  same  motion  or 
pressure  as  several  forces  acting  together,  is  called  technically  the 
resultant  of  these  forces.  Thus,  in  this  preceding  example,  the  force 
of  180  lbs.  acting  on  the  vehicle  in  the  same  direction  as  the  three 
independent  forces  of  80  lbs.;  60  lbs.,  and  40  lbs.,  is  the  resultant 
of  those  three. 

149.  Resultant  of  opposite  forces.  —  If  two  forces  act  upon  a 
body  in  opposite  directions,  then  the  lesser  of  these  forces  will  neu- 
traliie  so  much  of  the  greater  as  is  equal  to  its  own  quantity,  and  an 
effective  foroe  will  remain  in  the  direction  of  the  greater,  equal  to 
their  dififerenoe.  This  is  also  self-evident  If,  for  example,  a  vehicle 
be  palled  backwards  by  a  weight  of  100  lbs.  acting  over  a  pulley,  and 
that  it  be  drawn  forwards  by  a  horse  acting  with  a  force  of  150  lbs., 
then  100  lbs.  of  the  horse's  force  will  be  neutralized  by  the  weight 
which  draws  the  vehicle  backwards,  and  an  effective  force  of  50  lbs. 
will  remain  in  the  direction  of  the  horse's  traction. 

This  principle  is  stated  generally  by  saying  that  the  resultant  of 
two  forces  applied  to  the  same  point  in  opposite  directions,  is  equal 
to  their  diflferenoe,  and  in  the  direction  of  the  greater. 

If  any  number  of  forces  act  upon  the  same  point,  some  in  one 
directioo,  and  the  others  in  the  direction  immediately  opposed  to  it, 
then  the  resultant  of  such  a  combination  of  forces  will  be  found  by 
taking  the  difference  between  the  sum  of  all  the  forces  which  act  in 
the  one  direction,  and  the  sum  of  all  the  forces  which  act  in  the 
other  direction;  the  direction  of  such  resultant  being  that  of  the  forces 
whose  Bom  is  the  greater. 

150.  ResuUant  and  components  correlative  terms.  —  The  several 
forces  whose  combined  effect  is  equivalent  to  that  of  a  single  foroe 
are  called  the  components  of  that  single  force. 

Thus  resultant  and  componentSy  as  applied  to  forces,  are  correla- 
tive terms.  The  resultant  is  mechanically  equal  to  the  combination 
of  its  components,  and  the  components  are  mechanically  equal  to  the 
resoliant 

In  all  mechanical  investigations,  one  of  these  can  be  substituted 
for  the  other,  the  components  for  the  resultant  or  the  resultant  for 
the  components,  without  in  any  wise  changing  the  condition  ^f  the 
body  on  which  such  forces  act 
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Fig.  3. 
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151.  ResvllatU  of  forces  in  different  directions.  —  When  two 
forces  applied  to  the  same  point  act  in  the  direction  of  different  and 

diverging  straight  lines,  such  as  A  x  and 
A  T  (^.  3.),  Uien  the  direction  and  qnan- 

ttitj  of  their  resultant  is  not  so  evident  as 
^^  ^  in  the  case  just  mentioned.  .  It  is  indeed 
apparent  that  the  combined  effect  of  two 
such  forces  on  the  point  A  must  be  in  some 
direction,  such  as  A  z,  intermediate  between 
A  X  and  A  T ;  but  how  this  direction  A  S 
divides  the  angle  formed  by  the  two  com- 
ponents is  not  apparent. 

The  following  example,  in  which,  as  usual,  weights  are  naed  to 
represent  the  forces  in  question,  will,  however,  elucidate  this. 

Let  two  weights  A  and  B  {fg,  4.)  be  attached  to  the  extremities 
of  a  flexible  cord  which  passes  over  two  pulleys,  M  and  N.  Lei 
another  cord  be  knotted  to  this  at  any  intermediate 
point,  such  as  P ;  and  let  a  third  weight  o  be  BOS' 
pended  from  it  The  weight  c  will  then  draw  the 
cord  which  unites  A  and  B  into  an  angle  M  p  N. 
The  system,  after  some  oscillations,  will  come  to 
rest,  and  when  it  is  at  rest,  it  will  be  evident  that 
the  point  p  is  solicited  by  three  forces ;  Ist,  by  the 
weight  A  acting  in  the  direction  of  the  line  P  M; 
2d]y,  by  the  weight  B  acting  in  the  direction  p  N;  and  Sdly,  by  the 
weight  c  acting  in  the  direction  of  the  lino  p  c. 

Now,  it  is  evident  that  the  weight  c  acting  in  the  direction  p  0 
would  equilibrate  with  an  equal  force  acting  in  the  opposite  direction 
p  c.  Since,  then,  the  weight  o  would  precisely  counterpoise  an  equal 
weight  in  the  direction  of  p  c,  and  that  it  is  also  in  equilibrium  with 
the  weights  A  and  B,  which  act  in  the  directions  p  M  and  p  N  reqpeo* 
tively,  it  follows  that  the  resultant  of  the  forces  A  and  b  acting  in 
the  directions  P  M  and  P  N  will  be  a  single  force  equal  to  o  acting  in 
the  direction  p  c. 

It  now  remains  to  show  in  what  manner  this  direction  of  the  resnl- 
tant  of  the  two  diverging  forces  M  and  N  is  connected  with  their 
quantities. 

Let  us  suppose,  for  example,  that  the  weight  A  is  6  oz.,  the  weight 
B  4  oz.,  and  the  weight  o  6|  oz.  If  then  we  take  upon  the  line  p  o  i 
distance  of  6^  inches,  and  if  we  draw  two  lines,  one  c  a  parallel  to 
p  N,  and  the  other  c  h  parallel  to  P  M,  so  as  to  form  a  parallelogram 
p  a  c  i^,  we  shall  find,  on  measuring  the  side  p  a,  that  it  is  6  inches, 
and  on  measuring  the  side  P  6,  that  it  is  4  inches. 

152.  T^  composition  of  forces,  —  Hence  it  appears,  that  while  the 
diagonal  p  c  consists  of  as  many  inches  as  there  are  ounces  in  the 
resultant  of  the  two  forces,  the  sides  of  the  parallelogram  which  aie 
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in  tbe  direction  of  tkese  two  forces  respectively  consist  of  as  many 
inches  as  there  are  ounces  in  these  two  forces.  This  result  may  be 
enunciated  in  general  terms  as  follows : 

If  twoforcet  acting  upon  the  same  point  be  represented  in  quan- 
tity and  direction  by  two  lines  drawn  through  that  point,  then  the  re- 
sultant of  such  forces  will  be  represented  in  quantity  and  direction 
by  the  diagonal  of  the  parallelogram  of  which  these  lines  are  the 
tides. 

But  it  may  be  objected  that  the  result  we  have  obtained  by  the 
use  of  three  particular  weights  may  be  accidental,  and  that  it  may  not 
always  happen  that  the  third  weight  c,  which  balances  the  other  two, 
will  throw  the  conducting  cords  into  such  directions  as  would  give 
the  remarkable  result  here  obtained. 

The  validity  of  such  an  objection  may  be  easily  tested  by  varying 
the  weights  at  pleasure,  and  by  submitting  the  position  of  the  string 
to  the  same  process  of  measurement  as  we  have  given  above.  It 
will  then  be  found  that  in  whatever  manner  the  three  weights  may 
be  varied,  the  knot  which  unites  the  three  strings  p  M,  P  n,  and  P  0 
will  invariably  establish  itself  in  such  a  position,  that  while  the  diago- 
nal p  e  will  measure  as  many  inches  as  there  are  ounces  in  the  resul- 
tant Of  the  sides  P  a  and  p  h  will  measure  as  many  inches  as  there 
mre  oimoes  in  the  components  a  and  b. 

The  proposition  which  we  have  here  established  is  of  the  utmost 
importance  in  all  mechanical  investigations,  and  is  known  as  the  prin- 
<npie  of  the  composition  of  forces, 

153.  Residtant  and  components  mechanically  interchangeable,  — 
In  virtue  of  this  principle,  whenever  two  forces  in  different  directions 
•ot  upon  the  same  point  of  a  body,  a  single  force  determined  as 
above  by  the  diagomd  can  be  substituted  for  them  without  changing 
Uia  mechanical  state  of  the  body;  or,  on  the  other  hand,  if  a  single 
fane  act  upon  any  point  of  a  body,  two  forces  acting  on  the  samo 
point  may  be  substituted  for  them,  provided  such  forces  can  be  repre- 
iiented,  in  quantity  and  direction,  oy  the  sides  of  a  parallelogram 
whose  diagonal  represents  in  quantity  and  direction  the  Angle  force 
Sat  which  they  are  substituted. 

154.  Resolution  of  force.  —  As  the  expedient  of  substituting  a 
single  force  for  two  others  is  called  the  composition  of  forces,  the  re- 
verse process,  of  substituting  for  a  single  force  two  others,  is  called 
^he  resolution  of  forces. 

165.  Resultant  of  any  number  of  forces  acting  in  any  directions.-^' 
If  any  number  of  forces  whatever  act  upon  the  same  point  of  a  body, 
and  in  any  directions  whatever,  a  ringle  force  can  always  be  assigned 
which  will  be  mechanically  equal  to  them,  and  will  therefore  be  their 
resultant. 

After  what  has  been  established,  nothing  is  more  easy  than  tbe 
iolation  of  this  question. 
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Let  the  several  single  forces  supposed  to  act  upon  the  point  ia 
question  be  expressed  by  A,  B,  c,  D,  £,  &c. 

1st,  lot  the  resultant  of  A  and  B  be  found  by  the  principle  of  tha 
parallelogram  of  forces  explained  above,  and  let  this  resultant  be  A*. 

2d,  let  the  resultant  of  a'  and  o  be  found  by  the  same  prindpk^ 
and  let  this  resultant  be  b'. 

8d,  let  the  resultant  of  b'  and  B  be  found,  and  let  this  resultant  be 


0' ;  and  so  on. 


In  this  way  we  shall  finally  arrive  at  the  determination  of  a  nng^ 
force,  which  will  be  equivalent  to,  and  will  therefore  be  the  resultant 
of  the  entire  system. 

156.  Composition  of  forces  applied  to  different  points,  —  In  what 
precedes  we  have  supposed  the  forces  whose  combined  effects  are  to 
DO  determined  as  applied  to  the  same  point  of  the  body  on  which 
they  act.  It  often  happens,  however,  that  the  forces  are  applied  to 
different  points.  We  shall  therefore  now  proceed  to  oonmder  thii 
case ;  and,  first,  we  shall  take  the  more  simple  condition  under  whiob 
the  forces  act  in  parallel  directions. 

157.  Resultant  of  parallel  forces.  —  As  before,  we  shall  consider 
the  forces  represented  by  weights. 

Let  pand  p'  {fg,  5.)  be  the  points  to  which  the  two  forces  in 

question  are  applied, 

MA  W 


A 


flA' 


P' 


Fig.  5. 


and  let  these  two 
forces  be  represented 
in  direction  by  paral- 
lel cords  1*  M  and  P'  li' 
passing  over  pulleyi, 
and  let  them  be  r^ 
presented  in  quan- 
tity by  two  wei^taA 
and  A'suspended  from 
these  cords.  Now  the 
resultant  of  tlicse  two 
weights,  A  and  a',  or 
the  single  force  whidi 
would  be  equal  to 
them,  may  be  det^ 


mined  by  means  precisely  similar  to  those  which  we  have  adopted  in 
the  case  of  diverging  forces,  by  ascertaining  where  a  single  force  may  be 
applied  and  what  will  be  its  amount,  so  as  to  bahince  the  two  forces 
A  and  a'. 

For  this  purpose,  let  us  suppose  a  weight,  r,  to  be  suspended  from 
a  point,  o,  between  p  and  p'. 

Instead  of  suspending  a  determinate  weight  from  the  string  carried 
o\'er  the  pulley  m,  let  us  suppose  the  dish  of  a  balance  to  be  sus- 
pended there,  capable  of  receiving  any  heavy  matter  which  may  be 
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pbced  in  it  TbiDgs  being  thus  arraDgcd,  let  sand  be  poured  into 
the  diflh  A,  until  it  is  found  that  the  three  weights  A,  A',  and  R  arc  io 
cqailibriam.  Let  us  suppose,  for  example,  that  the  weight  a'  is  Goz.. 
ttd  the  wei^t  a  10  oz.  If  the  weight  of  the  sand  and  of  the  scale 
vkich  bean  it  at  A  be  ascertained,  it  will  be  found  to  be  4  oi. ;  and  it 
tberefore  follows  that  the  sum  of  the  two  weights  at  a  and  a'  being  1 0  oz 
iieqoil  to  the  weight  B.  Hence  it  follows  that  the  resultant  of  the  two 
pnallel  forces  A  and  a'  is  in  this  case  a  force  equal  to  their  sum. 

Xoir  if  the  experiment  be  varied  in  any  manner,  the  same  result 
liD  still  be  obtained.  Thus,  if  the  weight  a'  be  8  ox.  and  the  weight 
I  be  20  OS.,  then  the  weight  of  the  sand  in  the  dish  A  will  be  found 
li  be  12  OS. ;  the  sum  of  a  and  a',  12  +  8,  being  still  equal  to  r, 
ihidi  is  20.  In  a  word,  in  whatever  manner  the  weights  A  and  r 
laj  be  varied,  so  long  as  R  is  greater  than  A,  the  weight  a'  will  in- 
unablj  be  their  difference;  and  we  therefore  conclude  in  general 
tbfc  the  resultant  of  two  parallel  forces  acting  in  the  same  direction 
lyas  two  different  points  of  the  same  body,  is  a  force  parallel  to  their 
itteiiomj  mi  equal  to  their  sum  acting  at  some  intermediate  point.. 

Now,  it  remains  to  determine  what  is  the  intermediate  point  be- 
tween p  and  p'  at  which  this  resultant  will  act. 

After  having  established  an  equilibrium  by  pouring  the  quantity 
flf  and  into  the  dish  a,  if  we  measure  the  distances  p  o  and  r'  o,  we 
dull  find  that  they  are  invariably  in  the  inverse  proportion  of  the 
two  woghts  A  and  a'  ;  that  is  to  say,  if  the  weight  a'  be  8  oz.  and 
die  weight  A  12  oz.,  then  the  proportion  of  P  o  to  p'  o  will  be  8  to 
12,  and  this  will  be  found  to  be  invariably  the  case.  If  the  position 
of  the  string  supporting  the  weight  R  be  varied,  as  it  may  be,  it  will 
•Iwiys  be  found  that  the  ratio  of  the  two  weights  A  and  a',  which 
orttblish  an  equilibrium  in  the  system,  will  be  inversely  as  the  dis- 
tuee  of  the  points  P  and  p'  from  the  point  o,  where  the  resultant  is 
applied;  while  the  distance  PC  represents  in  quantity  the  component 
a',  the  distance  p'  O  will  represent  in  quantity  the  component  a. 

158.  Composition  of  parallel  forces  acting  in  the  same  direction 
—This  general  principle,  which  is  of  great  importance  in  mechanics, 
may  be  enunciated  as  follows :  — 

The  resultant  of  two  forces  which  act  on  different  points  of  the 
Kme  l)ody  in  parallel  lineSy  and  in  the  same  direction,  is  a  single 
force  equal  to  their  sum  acting  parallel  to  them,  and  in  the  same 
firection,  at  an  intermediate  point  which  divides  the  line  joining  the 
vo  jfoints  of  application  of  the  components  in  the  inverse  proportion 
of  the  quantities  of  those  components. 

If  the  forces  a'  and  R  be  considered  as  components,  the  force  a 
may  be  considered  as  the  opposite  of  their  resultant.  It  consequently 
follows  that  the  resultant  of  a'  and  R  is  a  force  equal  in  quantity  to 
tbdr  difference,  and  applied  at  p,  acting  in  a  lino  parallel  to  them, 
and  in  the  directioz»  of  the  greater  force  A. 
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159.  Composition  of  parallel  forces  acting  m  opposite  diredums 
—  This  general  principle  may  be  enunciated  as  follows :  — 

Tlie  resultant  of  two  forces  which  act  on  different  points  pf  (Ae 
same  body  in  parallel  lines  in  opposite  directions,  will  be  a  single 
force  eqiuU  to  their  difference,  and  acting  at  a  point  beyond  tkt 
greater  of  the  two  forces,  and  so  situated  that  the  point  of  applica- 
tion of  the  greater  of  the  txoo  forces  will  divide  the  distance  between 
the  lesser  and  the  resultant  in  the  inverse  proportion  of  the  quantitie 
of  the  lesser  and  of  the  reliant. 

Having  the  means  of  determining  the  resultant  of  two  panllri 
forces,  we  can  determine  the  resultant  of  any  number  of  such  foroM 
by  taking  them  respectively  in  pairs,  as  we  have  done  in  the  cue  of 
diverging  forces. 

Thus,  let  any  two  forces  of  such  a  system  be  taken,  and  the  reBiiltu& 
found.  Then,  considering  such  resultant  as  a  component,  let  it  be  com- 
bined with  a  third  component,  and  their  resultant  found;  and  bo  on. 

160.  Case  of  two  equal  opposite  and  parallel  forces,  called  e 
couple.  —  Xhere  is  a  case' of  parallel  forces  which  does  not  admit  of 
a  single  resultant,  and  which  is  of  considerable  importance  in 
mechanical  inquiries. 

This  case  is  that  in  which  two  equal  forces  act  upon  two  points  of 
a  body  in  parallel  and  opposite  directions.  The  effect  of  such  fanm 
cannot  be  represented  by  any  single  force.  In  fact,  such  a  combiDfr 
tion  of  forces  has  no  tendency  to  produce  in  a  body  any  progreoifB 
motion,  but  has  a  tendency  to  cause  it  to  revolve  round  a  point  into** 
mediate  between  the  direction  of  the  two  forces. 

Such  a  system  of  forces  is  called  a  couple, 

101.  Mechanical  effect  of  a  couple.  —  The  mechanical  effect  of 
such  a  system  depends,  consequently,  on  the  intensity  of  the  forces,  the 
perpendicular  distance  between  their  lines  of  direction,  and  on  the 
direction  of  the  plane  which  passes  through  their  lines  of  direction. 

If  p  and  r'  (fg.  C.)  be  the  points  of  application,  and  one  of  tha 
forces  act  in  the  direction  of  p  M,  while  the  other  acts  in  the  dixe^ 


Fig.  6. 
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tion  of  p'  m',  then  their  efiect  will  depend  on  their  intensity,  on  the 
length  of  the  perpendicakr  distance  p  p'  between  their  directions,  and 
on  the  direction  of  the  plane  in  which  the  lines  p  m  and  p'  m'  lie. 

Representing  soeh  forces  by  weights,  as  before,  let  ns  suppose 
strings  attaohed  to  the  points  p  and  p'  carried  over  the  pulleys  m  and 
m',  and  supporting  the  two  equal  weights,  w  w'. 

The  obvious  tendency  of  these  weights  is  to  turn  the  line  p  p* 
round  in  the  direction  in  which  the  hands  of  a  clock  would  move. 
Now  this  tendency  cannot  be  counteracted  by  any  single  force,  but 
it  may  be  resisted  by  another  couple  applied  to  two  other  points  of 
the  body.  Let  us  suppose,  for  example,  that  p  p'  he  two  other 
points  of  the  same  body,  either  situate  in  the  same  plane  as  the  lines 
p  M  and  p'  m',  or  in  any  parallel  plane,  and  that  strings  be  applied 
to  them  extended  by  weights,  in  the  same  manner  as  in  the  former 
case,  the  strings  lying  in  each  parallel  plane. 

Let  p  m  and  p'  m'j  carried  over  pulleys,  support  weights  to,  but 
let  them  be  so  applied  to  the  line  p  p'  that  they  shall  have  a  ten- 
dency to  torn  the  body  round  contrary  to  the  motion  of  the  hands 
of  a  dock,  and  therefore  contrary  to  the  effect  of  the  former  couple. 
Now  let  the  weiehts  to  be  so  adjusted  by  trial,  that  this  second  couple 
shall  exactly  biUanoe  the  first  couple,  and  keep  the  body  at  rest, 
which  may  be  done  by  using  for  the  purpose  ^e  dish  of  a  balance 
and  sand,  as  in  the  former  experiment  When  the  equilibrium  is 
thus  established,  it  will  always  be  found  that  the  weights  w  and  w 
will  bear  to  each  other  the  inverse  proportion  of  the  distance  between 
the  paraUel  cords j  that  is  to  say,  the  weight  w  will  be  greater  than 
the  weight  w  in  the  exact  proportion  of  the  distance  p  p'  to  the  dis- 
tance P  p';  or,  to  express  &is  in  the  usual  manner  by  arithmetical 
symbols,  we  should  have 

w  :  w  ::  p  p  :  p  p' ; 

firom  which  it  follows  that 

WXPP=t0Xpp'. 

162.  Eauilihrium  of  couples. — This  conclusion  involves  the  entire 
mechanical  theory  of  couples,  and  may  be  enunciated  as  follows : — 

Tito  equal  and  parallel  forces  acting  in  contrary  directions  on  a 
hody^  have  a  tendency  to  make  that  body  revolve  round  an  axis  per- 
pendicular  to  a  plane  passing  through  the  direction  of  such  two 
parallel  and  opposite  forces ;  and  such  tendency  is  proportional  to 
the  product  obtained  by  multiplying  tfie  intensity  of  the  forces  by  the 
distance  between  their  directions ;  and,  consequently,  all  couples  in 
which  such  products  are  equal  and  have  their  planes  parallel  are 
mechameally  equivalent,  provided  that  their  tendency  is  to  turn  the 
body  round  in  the  same  direction;  but  if  two  such  couples  have  a 
tendency  to  turn  the  body  in  contrary  directions,  then  two  such 
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couples  have  equai  and  canJIrary  mechanical  effects,  and  woMj  if 
simultaneously  applied  to  the  same  hody^  keep  it  in  equilibrium. 

1G3.  Condition  under  which  two  forces  admit  a  single  resuUanL-' 
Two  forces  not  being  parallel  in  their  directions  which  are  applied  to 
dififercnt  points  of  the  same  body,  present  two  different  caaes,  in  ooa 
of  which  only  thej  admit  of  a  resultant. 

1st  If  the  two  forces  applied  at  p  and  p'  (Jig.  7.),  not  being 
P  parallel,  are  neYertheleas  ia 

the  same  plane,  their  diico- 
tions  P  M  and  P'  m',  if  pro- 
longed, will  necessarily  meet 
at  some  point  such  aa  o.  la 
this  case  we  may  imaflne 
the  two  forces  to  be  ap^kd 
at  o,  and  their  reealtant  will 
bo  represented  in  qnantitj 
2^ 'and  direction  bj  the  diagODal 
o  0  of  a  parallelogram  whose 
sides  represent^  m  quantity 


Fig.  7. 


and  direction,  the  two  forces,  according  to  the  principle  already  ex- 
plained. 
2d.  But  if  the  forces  applied  at  the  points  p  and  p'  (Jig.  8.)^ 

not  being  parallel,  are  at  the 
same  time  in  different  planei^ 
then  the  directions,  though  in- 
definitely prolonged,  will  nerer 
intersect,  and  they  will  not  have 
any  single  resultant;  in  other 
words,  their  mechanical  efieet 
cannot  bo  represented  by  that  of 
any  single  force. 

164.  Mechanical  effect  of 
two  forces  in  different  planes,'-' 
It  can  be  demonstrated,  how- 
ever, that  the  mechanical  effect 
of  such  a  system  of  two  foraea 
as  hero  described,  whose  direc- 
tions lie  in  different  planea,  and 
which,  though  not  parallel,  oan 
never  inter8ect>,  will  be  mechani- 
cally equal  to  the  combined  ac- 
tion of  a  couple  such  as  already 
described,  and  a  single  force ; 
in  other  words,  such  a  system 
will  liaTe  a  double  effect  on  the 
body  to  which  it  is  applied :  li^ 
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%  iendeney  to  pvodooe  revolation ;  and,  2dl j,  %  tend^noj  to  prodoea 
a  progressive  motion ;  and  if  it  were  not  held  in  equilibrio  bj  some 
equal  antagonist  fbrcesy  the  body  would  at  the  same  time  move  for- 
ward in  Bome  determinate  direction,  and  revolve  roond  aome  deter- 
minate axis. 

To  render  this  intelligible,  let  ns  ima^ne  the  forces  to  be  repre- 
sented by  weights  acting  on  strings,  and  passing  over  pulleys. 

In^.  8.,  let  P  and  p'  be  the  two  points  of  application  of  the  two 
forces ;  let  the  force  acting  at  P  be  vertical,  and  be  represented  hy 
the  weight  w,  suspended  by  a  string  at  the  point  p. 

Let  Uie  other  force  applied  at  p'  he  horizontal,  and  in  a  direction 
p'  m'  perpendicular  to  P'  P,  and  let  it  be  represented  by  the  weight 
w'  suspended  by  a  cord  which  passes  over  the  pulley  m'.  Attached 
to  the  point  p',  let  another  string  be  carried  vertically  upwards  to  M, 
and  then  passed  over  a  pulley,  and  let  a  weight  be  suspended  to  it 
equal  to  the  weight  w.  Now  take  upon  the  line  p'  m'  a  distance  p' 
o,  oonsisting  of  as  many  inches  as  there  are  ounces  in  the  weight  w', 
or,  which  is  the  same,  in  the  force  which  stretches  the  cora  p'  a 
Take  also  upon  the  vertical  line  P'  M  as  many  inches  p'  B  as  there 
are  oonoes  in  the  weight  w,  and  draw  the  line  B  o.  From  o  draw 
o  A  parallel  to  p'  B,  and  from  the  point  p'  draw  p'  a,  parallel  to  B  a 
Carry  a  string  from  p'  along  the  line  p'  a,  and  lot  it  pass  over  a  pul- 
1^  m",  and  mspesnd  from  it  the  weight  w",  consisting  of  as  manj 
ounces  as  there  are  inches  in  the  line  P'  A. 

Now,  aooording  to  this  statement,  the  weight  w  will  oonsist  of  ai 
many  ounces  as  Uiere  are  inches  in  p'  b,  and  the  weight  w"  will  con- 
sist of  as  many  ounces  as  there  aie  inches  in  the  line  p'  A.  It  fd- 
lowiy  tlMnref<M:e,  from  the  principle  of  the  composition  (d  forces  already 
established,  that  the  combined  effects  of  these  two  forces  w  and  w" 
acting  in  tiiie  lines  p'  b  and  p'  a  upon  the  point  p',  will  be  the  ntJm 
as  the  angle  action  of  the  weight  w'  acting  in  the  direction  p'  o  upon 
the  same  point  p',  and  that  they  may  be  consequently  substituted  for 
the  latter  without  ohangmg  the  effects  upon  the  body.  Let  us  then 
detach  the  weight  w'  and  relieve  the  point  p'  from  its  action,  leaving 
the  weights  w  and  w"  acting  in  its  place.  The  point  p'  and  the 
body  to  which  it  belongs  will  then  be  affected  in  the  same  manner  by 
the  three  wek^ts  w,  w,  and  w",  as  it  was  by  the  two  original  wei^^hts 
w  and  w'.  It  follows,  therefore,  that  the  effect  of  the  two  original 
weights  w  and  w'  is  mechanically  equivalent  to  the  effect  of  the 
weight  w"  and  the  two  equal  weights  w. 

This  is  equivalent  to  stating  that  the  two  forces  acting  at  the  points 
p  and  p',  in  the  directions  P  w  and  p'  c,  are  equivalent  in  their  effect 
to  three  forces,  vix.  a  single  faioe,  represented  in  intensity  by  the 
line  p'  A,  and  acting  along  that  Une,  and  a  couple  aotins  in  a  yerti- 
oal  plane  passing  Surough  the  line  p  p' :  the  distance  between  the 
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two  foroefl  being  equal  to  P  p'  and  their  intensities  beiog  equl 
tow. 

The  total  effect,  therefore^  would  be  equivalent  to  a  riDgle  foiee 
acting  in  the  direction  p'  A,  and  a  couple  producing  rotation  roond 
an  axis  perpendicular  to  a  vertical  plane  through  p  p'. 
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165.  Direction  and  velocity  of  motion.  —  Motion  has  two  quali- 
ties, direction  and  velocity.  If  we  would  define,  in  a  precise  and 
intelligible  manner,  the  state  of  a  body  which  is  in  motion,  we  must 
therefore  state  first  the  direction  in  which  it  moves,  and  nezt^  the  nta 
at  which  it  moves,  or  the  speed  which  it  has  in  such  direction. 

If  the  motion  of  a  body  be  rectilinear,  that  is  to  say,  if  it  more 
continually  ini  the  same  straight  line,  then  such  straight  line  is  iti 
direction.  But  it  is  evident  that  a  body  may  move  in  two  opposite 
directions  in  the  same  straight  line :  thus,  if  the  line  of  the  modon 
be  east  and  west,  the  body  may  move  either  from  east  to  west,  or 
from  west  to  east,  without  departing  from  the  line  in  question. 

A  term  is  wanting  in  our  language  for  the  convenient  expressioB 
of  this  condition  attending  the  motion  of  a  body.  In  French,  the 
word  direction  expresses  the  line  in  which  the  body  moves,  and  the 
word  sens  expresses  the  direction  of  its  motion  in  such  line. 

166.  Direction  of  motion  in  a  curve.  —  If  a  body  move  in  a 

curved  path,  such  as  A  B  (Jig, 
9.),  the  direction  of  its  motion 
is  continually  changed;  but  aft 
any  point  of  the  curve,  such 
as  p,  it  is  considered  to  have 
the  direction  of  a  tangent  p  T 
at  that  point. 


Fig.  9. 


167.  Velocity  or  speed.  —  The  velocity  of  a  moving  body  is  ex- 
pressed by  stating  the  relation  between  any  space  through  which  the 
body  moves,  and  the  time  in  which  such  motion  is  performed.  Thus, 
wo  say  that  the  speed  with  which  a  man  walks  is  four  miles  an  hour, 

74 


COHPOSinON  AND  RESOLUTION  OF  MOTION.         76 

speed  nitli  wbich  a  stage-coach  travels  is  ten  miles  an  honr^  and 
ipeed  of  a  railway  train  is  thirty  miles  an  hour. 
c  is  evkient  that  the  same  speed  may  be  differently  expressed, 
fding  to  the  different  units  of  time  or  distance  which  may 
ufopted.  We  may  express  the  velocity  by  stating  the  space 
id  over  in  a  given  time,  or  the  time  taken  to  move  over  a  given 

16  given  time  may  be  an  honr,  a  minute,  or  a  second,  and  the 
space  a  mile,  a  foot,  or  an  inch.  If  we  say  that  a  railway 
moves  at  thirty  miles  an  hour,  or  that  it  moves  at  eight  bun- 
and  eighty  yards  a  minute,  or  forty-four  feet  a  second,  we 
ss  exactly  the  same  speed,  the  only  difference  being  that  different 
of  time  and  distance  are  adopted. 

le  selection  of  the  units  of  time  and  distance  for  the  expression 
locity  is  of  course  arbitraiy. 

b  usual,  however,  to  adopt  such  units  that  the  velocity  may  be 
issed  by  a  number  which  is  neither  inconveniently  great  nor 
ivenienUy  small.  If  the  motion  of  the  body  be  extremely  rapid, 
xpress  its  velocity  by  adopting  a  large  unit  of  space  or  a  small 
of  time }  and  if,  on  the  other  hand,  the  moUon  be  very  slow, 
q>re88  the  velocity  by  a  small  unit  of  space  or  a  large  unit  of 

I  spaces  or  times  which  are  extremely  ereat  or  extremely  small 
tore  difficult  to  conceive  than  those  which  are  of  the  order  of 
litode  that  most  commonly  falls  under  the  observation  of  the 
m,  we  shall  convey  a  more  clear  idea  of  velocity,  by  selecting  for 
qiression  spaces  and  times  of  moderate  rather  than  those  of  ex- 
6  length.  The  truth  of  this  observation  will  be  proved,  if  we 
der  how  much  more  clear  a  notion  we  have  of  the  velocity  of  a 
'ay  train,  when  we  are  told  that  it  moves  over  fifteen  yards  per 
id,  or  between  two  beats  of  a  common  dock,  than  when  we  are 
that  it  moves  over  thirty  miles  an  hour.  We  have  a  vivid  and 
Dd  idea  of  the  length  of  fifteen  yards,  but  a  comparatively  obscure 
of  the  length  of  thirty  miles;  and,  in  like  manner,  we  have  a 
h  more  clear  and  definite  idea  of  the  duration  of  a  second  than 
lave  of  the  duration  of  an  hour. 

68.  Table  showing  the  velocity  of  certain  moving  bodies.— In 
foUowing  table  are  collected  examples  of  the  velocities  of  various 
«t8,  which  may  be  found  useful  for  reference,  and  which  will 
re  as  standards  in  the  memory  for  various  classes  <^  motion. 
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Table  showing  ths  Velocitibs  of  cebtain  MoviNa  Bodibi. 


Ol^eett  noTiBf. 


MilMper 
boar. 


PNCpV 


Man  walking 

Horse  trotting 

Swiftest  race-horse 

Railway  train  fEnglish) 

"  (American) 

"  (Belgian) 

•*  (French) 

••  (German) 

Swift  English  steamboats  navigating  the  channels.... 

Swift  steamers  on  lludson 

Fast  sailing  vessels 

Current  of  slow  rivers 

*<      rapid  rivers 

Moderate  wind 

A  storm 

A  hurricane 

Air  rushing  into  vaonum  at  82^  F.,  and  bar.  80  in... 

Common  musket-ball 

Bifle-ball 

24  lb.  cnnnon-ball 

Bullet  discharged  from  air-gun,  air  being  compressed 

into  hundredth  part  of  its  volume 

Sound  when  atmosphere  at  82^  Fahr 

Do.  at  CO®  Fahr 

Earth  moving  round  sun 

A  point  on  earth's  surface  at  equator  bj  diurnal  mo- 


tion.. 


8 

7 

60 

82 

18 

26 

27 

24 

14 

18 

10 

8 

7 

7 

86 

80 

884 

860 

1000 

1600 

466 

748 

762 

67,874 

1087 


•1^ 


•47 


861 


40}  < 


•ir 
•1' 


117J 
12961 
12461 
1466) 
23461 


10901 

1118| 

96,815} 


iraJ 


169.  Uniform  velocity.  —  The  speed  of  a  body  in  motion  may  be 
uniform  or  varied. 

Tho  speed  is  uniform  when  all  equal  spaces^  great  or  small,  an 
moved  over  in  equal  times. 

It  is  possible  to  conceive  a  body  in  motion,  moving  over  a  mile 
per  minute  regularly,  and  yet  the  speed  not  to  be  uniform ;  for  though 
each  successive  mile  may  be  performed  in  a  minute,  the  subdivisions 
of  such  mile  may  be  performed  in  unequal  times :  thus,  the  first  half 
of  each  successive  mile  might  occupy  forty  seconds,  and  the  other 
half  twenty  seconds.  To  constitute  a  uniform  motion,  therefore,  it  is 
necessary  that  all  equal  portions  of  space,  no  matter  how  small  they 
are,  shall  be  passed  over  in  equal  times. 

170.  Principles  of  composition  and  resolution  of  force,  equally 
applicable  to  composition  and  resolution  of  motion, — As  forces  which 
produce  pressure  would,  if  the  bodies  on  which  they  act  were  free  to 


*  Nearly. 
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moye,  produce  motion  in  the  direction  of  each  pressure,  whose  velo- 
city would  be  proportional  to  the  pressure,  all  the  principles  which 
have  been  established  in  the  last  chapter  respecting  the  components 
aifd  resultant  of  forces  will  be  equally  applicable  to  motion.  Henoe, 
without  further  demonstration,  we  may  consider  as  established  the 
following  principles,  called  the  composition  and  resolution  of  motion. 
If  a  body  A  {fig.  10.)  receive  at  the  same  time  two  impulses, 
in  virtue  of  one  of  which  it  would 
move  in  the  direoUon  a  t,  over  the 
space  A  B,  in  one  second ;  and  in  vir- 

tue  of  the  other,  it  would  move  in  the 

*y         ^^*'  direction  A  x,  over  space  A  c,  in  one 

JJ .^^"^''^^ I  second;  then  the  two  impulses,  acting 

^[^^^        /  upon  it  simultaneously,  will  cause  it 

0  X    to  move  over  the  diagonal  A  d  of  the 

Fig.  10.  parallelogram,   whose  sides  are  A  B 

and  A  0,  in  one  second. 

Conversely,  also,  a  single  motion  a  d  may  be  considered  as  equal 

o  the  combination  of  two  motions,  A  b  and  A  c,  along  the  sides  of 

ny  parallelogram  of  which  a  D  is  a  diagonal. 

Now,  as  an  infinite  variety 
B         ^'  „ ,.  of  parallelograms  may  have  the 

same  diagonal,  it  follows  that 
any  single  force  may  bo  con- 
sidered as   equal   to  an    infi- 
nite variety  of  combined  foroeb 
or  motions.     In  fig,  11.,  the 
line  A  D  is  the  diagonal  of 
the    parallelograms   A  b  D  c, 
A  b'  D  o',  A  b''  d  c",  &c 
171.  Resultant  of  two  motions  in  same  direction. — ^Tho  effect  of  a 
force  which  acts  upon  a  body  in  motion,  must  be  either  to  change  its 
velocity,  or  to  cluuige  its  direction,  or  to  produce  both  these  e£fects 
toother. 

If  a  body  being  in  uniform  motion  in  a  certain  straight  line,  such 
as  A  B  (fig.  12.),  receive  at  P  the  impulse  of  a  force  in  the  dii«ction 
in  which  it  is  moving,  the  effect  of  such  impulse  will  be  to  augment 


Fig.  11. 


Fig.  12. 

its  velodty,  and  such  increase  of  velocity  will  be  exactly  equal  to 
the  velocity  which  the  same  force  would  impart  to  the  body,  if  the 
body  had  been  at  rest. 

Thus,  if  the  body  had  beeq  moving  towards  b  at  the  rate  of  ten 
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feet  per  seoondy  and  that  it  reueiyed  an  impulse  at  P|  in  the  diieefioi 
of  B,  which  woold  have  imparted  to  it,  being  at  rest^  a  velocity  of  In 
feet  per  second,  then  the  velocity  of  the  body  after  the  impaet  vil 
be  fifteen  feet  per  second. 

This  is  evident^  because  the  previoos  motion  which  the  body  ii 
sapposed  to  have  had  in  the  direction  of  B  cannot  in  any  way  impnr 
'  the  effect  of  a  force  tending  to  make  it  move  in  the  same  direction. 

172.  Resultani  of  two  motions  in  opposite  directions. — ^Bnt  if  Ik 
impulse  which  it  has  received  at  p  had  been  ^vcn  in  the  diieetifli 
p  A,  contrary  to  that  of  its  motion,  then  such  impulse  would  deprrn 
the  body  of  just  so  much  velocity  in  the  direction  P  B  as  it  wooU 
have  imparted  to  it  in  the  direction  P  A,  had  it  been  at  rest  lb  tlui 
case,  therefore,  the  velocity  after  the  impact  will  be  diminished  turn 
ten  feet  per  second  to  five  feet  per  second. 

These  consequences  are  obviously  analogous  to  the  eorrespon&g 
oonolusions,  which  were  explained  in  the  last  chapter,  respecting  tke 
oombined  effects  of  forces  acting  upon  a  body  in  the  same  or  anj 
parallel  directions. 

178.  Resultani  of  two  motions  indifferent  directions. — If  a  body, 

being  in  motion  from  A  to  1 
(Jig,  13.),  receive  at  the  pcint 
P  an  impact  which,  had  it  been 
at  rest,  would  have  caused  it  to 
move  in  the  direction  p  o,  then 
the  body,  commencing  from  the 
point  p  will  have  a  motion  com- 
***  pounded  of  the  motion  which  it 

had  before  receiving  the  impact  at  p,  and  the  motion  which  that  impact 
would  have  given  to  it  had  it  been  at  rest.  The  motion,  thoreibre, 
which  it  would  have  on  leaving  p  in  this  case,  will  be  dotermined  by  tilie 
parallelogram  of  forces,  according  to  the  principles  already  established. 
Thus,  if  we  suppose  that,  by  virtue  of  the  motion  which  the  body 
had  along  the  line  a  b,  it  would  have  moved  from  p  to  d  in  a  seconi 
and  that  the  motion  which  it  would,  beinc  at  rest  at  p,  have  received 
from  the  impact  would  have  carried  it  &om  p  to  E  in  one  second, 
then  the  motion  which  the  body  will  actually  have  in  leaving  p  after 
receiving  the  impact,  will  be  along  the  diagonal  p  f  of  the  parallelo- 
gram whose  sides  are  P  D  and  p  e. 

D  If  a   body  moving  with   a 

^  certain  determinate  velocity  in 

the  direction  A  B  (Jig.  14.) 
encounter  at  p  a  fixed  object 
that  has  a  flat  surface  o  D,  its 
motion  will  not  be  destroyed, 
but  will  be  modified  by  thi 
resistance  of  this  surface. 
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The  cfioet  of  the  sor&ce,  supposiDg  it,  as  well  as  the  body,  to  be 
perfiBcdj  hard  and  inelastic,  will  be  to  destroy  so  mnch  of  the  motion 
of  the  body  as  is  in  a  direction  perpendicolar  to  it. 

IV)  determine  this,  let  ns  draw  the  line  P  M  perpendicular  to  the 
mr&ee  c  d,  and  taldne  p  o  as  the  space  which  the  moving  body 
■OfCi  over  in  a  aeoond,  from  o  draw  o  n  parallel  to  P  o,  and  o  R  pa- 
nDel  to  p  Ny  80  that  p  n  o  b  shall  be  a  parallelogram,  of  which  p  o 
ii  the  diagonal.  The  force,  therefore,  with  which  the  body  will  strike 
the  BU&oe  at  p  will  be  equal  to  the  two  forces,  one  in  the  direction 
of  1 P,  and  the  other  in  the  direction  of  N  P,  the  sides  of  this  paral- 
Uonam,  inasmuch  as  these  two  forces  are,  by  what  has  been  already 
ci^dnedy  equal  to  the  single  force  represented  by  the  diagonal  o  P. 
Bat  the  reaction  of  the  sur&ce  o  d  will  destroy  the  perpendicular 
font  N  Py  and  therefore  the  foroe  R  P  alone  will  remain  in  the  direc- 
thn  B  P  D.  The  body,  therefore,  after  it  strikes  the  surface,  will 
■ore  from  p  toward  d  with  a  Telocity,  in  virtue  of  which  it  will 
deKiibe  speoea  equal  to  b  p  in  one  second. 

174.  Exmaplts  of  composition  and  resolution  of  motion.  —  The 
fcUowiDg  examples  will  illnstrate  the  principle  of  the  composition  and 
Rsolaticm  of  foroes  which  have  been  explained  in  the  present  nnrl  the 
fast  chapter. 

175.  ExAMPLl.  —  Swimming  across  a  stream,  —  If  a  swimmer 
diveet  iua  course  across  a  river  in  which  there  is  a  current,  his  body 
vili  be  at  the  same  time  subject  to  two  motions :  first,  that  wliich  he 
nedvea  from  his  action  in  swimming,  which,  if  there  were  no  current, 
woold  cairy  him  directly  across  the  river  in  a  direction  perpendicular 
to  itB  oouxae  in  a  certain  time,  as,  for  example,  fifteen  minutes ;  and 
the  other  in  virtue  of  the  current,  by  which,  if  he  were  to  fioat  on  the 
water  without  swimming,  he  would  be  carried  down  the  stream  with 
a  Telocity  equal  to  that  of  the  stream,  at  a  rate,  for  example,  of  five 
thooamd  feet  in  fifteen  minutes. 

Now,  in  actually  passing  over  the  river,  the  swimmer  is  affected 
at  the  same  time  by  both  these  motions,  and  consequently  his  body 
will  be  carried  in  fifteen  minutes  along  the  diagonal  of  the  parallclo- 
^am,  of  which  these  motions  are  sides. 


M  m! T' 


S  P  S  n' 

Fig.  15. 

If  a  8  and  t  t'  (Jig.  15.)  be  the  hanka  of  the  river,  the  dmclm 
of  thr  Ftrsam  beiag  expressed  by  the  arrow,  and  P  be  the  point  0< 
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departure  of  the  swimmer,  let  P  N  be  the  dbtanoe  down  which  (Im 
stream  would  carry  the  swimmer  in  the  time  which  he  would  tike^ 
if  there  were  no  current,  to  cross  the  river  from  P  to  the  oppositB 
point  M  of  the  other  bank.  Then,  as  he  crosses,  he  will  be  impelled 
by  the  two  motions.  By  swimming,  he  will  continually  appitn^ 
the  bank  t  t',  at  which  ho  will  arrive  as  soon  as  he  would  do  if  then 
were  no  current;  because  the  current  which  crosses  him  laterally  inU 
not  interfere  with  his  course  in  swimming,  which  is  perpendicular  to 
it.  Therefore,  at  the  time  that  ho  would  arrive  at  the  middle  point 
Q  of  the  stream,  if  there  were  no  current,  he  will  still  have  amved 
at  the  middle  point  q'  of  the  stream ;  but  in  virtue  of  the  current^ 
that  point  will  lie,  not  opposite  the  point  from  which  he  started,  but 
lower  down  on  the  stream  at  q',  and,  in  fine,  he  will  arrive  at  the 
opposite  bank  at  the  point  m',  just  so  far  below  the  point  M  as  ii 
equal  to  the  space  through  which  the  current  moves  in  the  time 
which  the  swimmer  takes  to  cross  the  river.  The  actual  course  fal- 
lowed by  the  swimmer,  therefore,  by  the  combined  effects  of  his  action  ii 
swimming  and  of  the  effect  of  the  stream,  will  be  the  diagonal  p  M'  of 
the  parallelogram,  one  side  of  which,  p  N,  represents  the  space  through 
which  the  current  moves  in  the  time  the  swimmer  takes  to  cross  the 
river,  and  the  other,  p  M,  the  space  through  which  the  swimmer 
would  move  in  the  same  time  if  there  were  no  current. 

By  a  due  attention  to  the  principles  of  composition  of  motaoD|  the 
swimmer  may  be  enabled,  notwithstanding  the  current,  to  cross  the 
river  in  a  direction  perpendicular  to  its  banks. 

TOM            T  ^^  ^^^^^'  ^®*  ^  (^^-  1^)  ^  ^ 
point  of  the  bank  from  which  he 

\  starts,  the  current  of  the  river  be> 

\^  ing  in  the  direction  of  the  arrow. 

S  P         N       S'       Ii<^t  p  N  be  the  distance  through 

Fig.  16.  which  the  current  would  run  in  the 

time  which  the  swimmer  would  take 
to  cross  the  river.  From  N  draw  the  line  N  M  to  the  point  of  the 
bank  directly  opposite  to  P,  and  from  p  draw  the  line  P  o  parallel  to 
M  N.  Now,  by  the  principles  of  the  composition  of  motion  which 
have  been  already  explained,  a  force  in  the  direction  of  p  M  will  be 
equal  to  two  forces  simultaneously  acting,  one  in  the  direction  of  p 
N,  and  the  other  in  the  direction  of  p  o ;  consequently,  if  the  swim- 
mer, leaving  the  point  p,  direct  his  course  to  the  point  o,  and  use 
such  action  in  swimming  as  would  enable  him  to  pass  in  still  water 
from  p  to  o  in  the  same  time  which  the  current  requires  to  run  from 
p  to  N,  then  his  actual  motion,  in  conscciuence  of  the  combined  effect 
of  his  action  in  swimming  and  the  force  of  the  current,  will  be  in 
the  direction  p  M,  directly  across  the  stream;  as  this  direction  will  be 
the  diagonal  of  the  parallelogram,  whose  sides  represent  the  two 
forces  to  which  his  body  is  exposed. 
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under  iliese  dicamstenoes,  althoagh  he  will  pass  directly 
HtB  ilreua  from  p  to  m,  instead  of  being  carried  diagonally 
^  as  in  the  Imst  example^  along  the  line  P  M'  (fig,  lo.)i  ^^ 
»  a  hmget  time  and  greater  exertion  to  cross  tke  river.  In 
Mr  example,  as  his  motion  was  perpendicular  to  the  stream, 
e  of  the  enrrent  did  not  in  any  wise  retard  his  course  in 
ig,  bat  merely  changed  the  point  of  the  opposite  bank  at 
e  arrived ;  and  although  he  passed  over  a  greater  space  in 
T,  yet  the  increased  distance  over  which  he  moved  was  duo, 
is  own  exertion;  but  to  the  current.  In  the  latter  instance, 
',  a  part  of  his  exertion  was  expended  in  stemming  the  cur- 
as  to  prevent  his  desoending  the  stream,  and  another  part  in 
the  river. 

Example  II. — Effect  of  wind  and  tide  on  a  ship. — A  ves- 
elled  at  the  same  time  by  wind  and  tide  in  different  direc- 
■eaents  another  example  of  the  composition  of  motion.  If 
nme  the  wind  to  impel  the  vessel  in  the  direction  of  the  keel 
«  stem  to  the  stem^  and  at  the  same  time  the  tide  to  act  at 
Bgles  to  the  keel,  giving  the  vessel  a  lateral  motion,  the  real 
ff  the  vessel  will  be  intermediate  between  the  direction  of  the 
d  the  direction  of  the  tide  at  right  angles  to  the  keel.  The 
irecdon  of  this  course  may  be  determined  by  the  composition 
on,  provided  the  force  of  the  tide  and  the  effect  of  the  wind 
fn. 

08  snppose,  for  example,  that  the  force  of  the  tide  is  four 
Q  hour,  and  that  the  effect  of  the  wind  is  such  that  if  there 
>  tide  the  vessel  would  be  carried  in  the  direction  of  its  keel 
»te  of  seven  miles  an  hour.  The  actual  course  of  the  vessel 
m  be  the  diagonal  of  a  parallelogram,  one  side  of  which  is  in 
ection  of  the  vessel  measuring  seven  miles,  and  the  other  at 
jigles  to  the  keel,  and  in  the  direction  of  the  tide  measuring 
lies. 

177.  Example  III. — Rowing  a  boat, — 
The  action  of  the  oars  in  impelling  a  boat  is 
an  example  of  the  composition  of  forces. 
Let  A  (Jig.  17.)  be  the  head,  and  B  the 
stem  of  the  boat.  The  boatman  presents 
his  face  towards  B,  and  places  the  oars  so 
that  their  blades  press  against  the  water  in 
the  directions  c  E,  D  F.  The  resistance  of 
the  water  produces  forces  on  the  sides  of  the 
boat  in  the  directions  o  L  and  h  l,  which  by 
the  composition  of  force  are  equivalent  to 
the  diagonal  force  K  L,  in  the  direction  of 
the  keS. 
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Fig.  18. 


178.  Example  IV.  —  Motion  of  fishes,  birds,  4rc. —  Simihr 
observations  will  apply  to  almost  every  body  impelled  by  instnimenti 
projecting  from  its  sides,  and  acting  against  a  fluid.  The  motion  d 
fishes,  the  act  of  swimming,  the  flight  of  birds^  are  all  instanoes  d 
the  same  kind. 

179.  Example  V.  —  Effect  of  wind  on  sailing  vessels. — Nu- 
merous other  examples  may  be  derived  from  navigation,  illustratiTe 
of  the  composition  and  resolution  of  forces  and  motion.  The  actiua 
of  the  wind  on  the  sails  of  a  vessel,  and  the  efiects  produced  by  the 
reaction  of  the  water,  is  one  of  these. 

Let  AB  (^fig.  18.)  represent  the  position  of  the  sail,  and  let  tb 
wind  be  supposed  po  blow  in  the  direction  CB 
oblique  to  the  sail,  its  force  being  represented 
by  the  line  0  D.  Let  o  D  be  considered  as  the 
diagonal  of  a  parallelogram  whose  sides  are  BB 
and  F  D,  the  former  perpendicular  to  the  sail,  and 
the  latter  in  the  direction  of  its  surface.  We 
may  then  consider  the  actual  wind  to  bo  repn- 
sented  by  two  difiorent  winds,  one  of  which  will 
blow  perpendicular  to  the  surface  of  the  sail,  and 
the  other  will  strike  the  sail  edgewise,  and  will 
therefore  produce  no  effect. 

The  effective  part,  therefore,  of  the  wind  o  S 
will  be  represented  by  £  D. 

Now,  this  force  £  D,  thus  acting  perpendicularly  to  the  sail,  will  still 
act  obliquely  to  the  keel. 

Let  the  force  therefore  of  the  wind  upon  the  sail  be  represented  bj 
J)  a,  the  diagonal  of  a  parallelogram,  one  side  of  which  D  H  is  in  tha 
direction  of  the  keel,  and  the  other  D  I  perpendicular  to  it.  The 
component  of  the  wind  therefore  expressed  by  D  £  may  be  imagined 
to  be  replaced  by  two  distinct  winds,  one  D  u  in  the  direction  of  the 
keel,  and  the  other  D  l  at  right  angles  to  the  keel. 

The  original  force  of  the  wind  c  D  will  thus  be  expressed  by  three 
distinct  winds,  one  D  F  striking  the  sail  edgewise,  and  therefore  inef- 
ficient; another  D  i  acting  at  right  angles  to  the  vessel,  and  therefore 
producing  lee  way ;  and  the  third  D  u  acting  in  the  direction  of  the 
keel  from  stem  to  stem,  and  therefore  propelling  the  vessel. 

In  this  case,  it  appears  that  a  wind  blowing  at  right  angles  to  the 
course  of  the  vessel,  and  having  therefore  in  itself  no  tendency  to 
propel  the  vessel,  is  nevertheless  by  the  resolution  of  forces  rendered 
efficient  for  propulsion. 

It  is  easy  to  show  that  this  principle  may  be  pushed  further,  and 
that  a  wind  which  may  blow  in  a  direction  nearly  opposite  to  the 
course  of  the  vessel,  may,  by  the  proper  application  of  the  same  prin- 
ciple of  Uie  resolution  of  force,  be  made  to  propel  a  vessel.     In  Jig,  19. 
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tbe  wind  is  represented  as  blowing  in  the  direc- 
tion c  J>,  forming  an  acute  angle  with  the  course 
of  the  vessel,  and  therefore  to  a  proportional  extent 
opposed  to  it  Let  us  suppose  that  the  rigging  ad- 
mits of  placing  the  sail  so  as  to  form  a  still  more 
acute  angle  wiQi  the  course  of  the  vessel  than  does 
the  wind. 

The  sail  will  thus  lie  between  the  line  o  D,  repre- 
senting the  direction  of  the  wind,  and  the  line  D  v, 
representing  the  direction  of  the  keel.  As  before, 
0  D,  by  two  successive  resolutions  of  forces,  is  shown 
to  be  eqvLsl  to  three  different  jrindB  :  1st,  a  wind  represented  by  F  D, 
blowing  edgewise  on  the  sail,  and  therefore  inefficient ;  2dly,  a  wind 
D  I  blowing  at  right  angles  to  the  course  of  the  vessel,  and  therefore 
producing  lee  way ;  and  3dly,  a  wind  D  H  in  the  direction  of  the 
keel,  from  stem  to  stem,  and  therefore  efficient  for  propulsion. 

It  is  evident,  however,  that  the  more  oblique  the  wind  may  be  to 
the  course  of  the  vessel,  the  smaller  will  be  the  component  of  its  force 
represented  in  the  diagram  by  D  H,  which  is  efficient  for  propulsion; 
and  the  greater  will  be  the  component  F  D,  acting  edgewise  on  the 
sail,  and  therefore  inefficient  This  will  be  apparent  from  the  mere 
inspection  of  the  two  diagrams. 

The  limit  of  the  practical  application  of  this  principle  in  sailing  is 
determined  by  the  play  given  by  the  rigging  to  the  sails.  There  is 
in  each  species  of  rigging  a  practical  limit  beyond  which  it  is  impos- 
sible to  place  the  sails  obliquely  to  the  keel.  A  wind  which  blows 
upon  the  quarter  near  this  limit  cannot  be  rendered  useful.  It  will 
be  apparent,  therefore,  that  different  kinds  of  rigging  supply  different 
limits  to  the  application  of  this  principle,  and  we  accordingly  find  that 
one  form  of  vessel  is  capable  of  sailing  nearer  to  the  wind  than  an- 
other. 

180.  Example  YI.  —  Tacking  an  application  of  tlie  composition 
of  motion,  —  But  even  though  the  wind  should  blow  in  a  diroction 
immediately  opposed  to  the  course  of  the  vessel,  we  are  enabled,  by 
another  application  of  the  principle  of  the  resolution  of  force,  to  press 
such  an  adverse  wind  into  the  service,  and  to  render  it  available  in 
carrying  the  vessel  directly  against  its  own  force. 

This  object  is  attained  by  the  expedient  called  tackingy  which  is 
nothing  but  a  practical  application  of  the  resolution  of  force.  Sup- 
posing the  course  which  the  vessel  has  to  pursue  to  be  due  west,  while 
the  wind  is  blowing  due  east,  then  the  course  of  the  vessel  due  west 
is  to  be  regarded  as  the  diagonal  of  a  parallelogram  whose  sides  arc 
directed  alternately  to  some  points  north  and  south  of  west. 

Let  A  w  (Jig.  20.)  be  the  course  of  the  vessel  departing  from  a; 
it  sails  £rom  A  to  d,  some  points  north  of  west;  from  d  it  sails  to 
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D  y  some  points  goal 
\^\^\y^\y^^  to  A  D ;  imd  from 


Fig.  20. 


D'y  some  points  soatli  of  v«t; 
D",  puiU 

D"   tOD**, 

parallel  to  D  d'  ;  and  so  ol 
ThiiB,  at  firsti  instead  of  auEog 
direct  from  A  to  w,  it  tckIm 
b'  by  sailing  over  two  sides  A  D  and  D  b'  of  a  parallelogram  wlmi 
diagonal  is  A  b'.  Again,  instead  of  sailing  directly  from  b'  to  b"  'i 
sails  from  b'  to  d',  and  fh)m  d'  to  b",  over  two  sides  of  a  paraUd^ 
gram  whose  diagonal  is  b'  b"  ;  and  so  on.  The  vessel  is  thus  e» 
ducted  over  the  sides  of  a  series  of  parallelograms,  the  saooession  d 
whose  diagonals  forms  its  right  course. 

181.  Example  YII.  —  Ball  dropped  from  ike  topmast  qfavik 
seL  —  If  a  ball  of  lead  be  token  to  the  topmast  of  a  vessel  which  ii 
advancing  under  sail  or  steam,  and  be  let  drop  downwards,  it  inigki 
at  first  be  supposed  that  this  ball  would  fidl  at  a  point  verticallj  i» 
der  that  from  which  it  was  discharged,  in  which  case  it  would  new 
sarily  strike  the  deck  just  so  far  behind  the  mast  as  would  be  eofll 
to  the  space  through  which  the  vessel  had  advanced  in  its  oomae  w 
ing  the  time  of  the  fall. 

^ut  we  find,  on  the  contrary,  that  the  ball  strikes  the  deck  at  the 
foot  of  the  mast  precisely  in  the  place  where  it  would  have  strnok  it 
had  the  vessel  been  at  rest. 

This  fact  is  explained  by  the  effect  of  the  composition  of  motioii. 
Let  A  B  (Jig.  21.)  be  the  course  of  the  ship.  Let  b  t  be  the 
position  of  its  mast  at  the  moment  the  biU 
is  discharged;  and  let  b'  t'  be  the  poaitioB 
of  the  mast  at  the  moment  the  hall  fidls  tt 
the  deck^  the  ship  having  advanced  throu^ 
the  space  B  b'  during  the  interval  of  ui 
fall.  The  ball  by  being  discharged  fioa 
the  top  of  the  mast  has  in  common  with  thi 
ship  its  progressive  motion;  and  if  it  lud 
not  been  discharged,  it  would  have  mofii 
through  the  space  T  t',-  precisely  equd  to 


A 

I 


Fig.  21. 


B  b',  in  the  time  of  the  fall. 


This  progressive  motion  during  the  fall  is  combined  with  tJie  T«- 
tical  motion,  and  if  the  vertical  descent  were  made  with  a  nnifona 
velocity,  the  ball  would,  by  reason  of  the  combined  efiect  of  the  t«o 
motions,  move  along  the  diagonal  of  the  parallelogram  T  B  B'  x*.  But 
the  vertical  descent  of  the  ball  not  being  uniform,  but  first  moving 
more  slowly,  and  then  moving  more  rapidly,  it  will  move,  not  along 
the  diagonal  of  the  parallelogram,  but  along  a  curve  represented  b| 
the  dotted  line  in  the  figure,  which  curve  will  be  explained  hereafter; 
but  at  the  termination  of  the  fall  the  ball  will  be  found  at  the  foot 
nf  the  mast. 
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L82,  EXAVFLE  Vni. — Object  let  fall  from  a  railway  carriage. — 
e  nine  illustration  is  presented  in  a  still  more  striking  form  by  tho 
Tement  of  a  carriage  on  a  railway.  J^et  us  suppose  that  a  carriage 
nored  along  a  line  of  railway,  at  the  rate  of  60  miles  an  hour,  aud 
all  is  dropped  from  it  at  the  height  of  16  feet  as  it  moves.  If  this 
(  £dl  vertically  it  would  strike  the  ground  at  a  point  29^  yards 
ind  the  point  of  the  carriage  from  wnich  it  was  dropped )  for  the 
t  of  falling  16  feet  is  one  second,  and  in  one  second  a  carriage 
ring  60  mues  an  hour  would  move  over  29  J  yards.  The  carriage 
dd,  therefore,  be  29^  yards  in  advance  of  the  point  at  which  the 
I  was  let  fall.  But  it  is  found  that,  as  in  the  former  case,  the  ball 
I  meet  the  ground  at  a  point  vertically  under  the  part  of  the  cur- 
^  from  which  it  was  let  fall,  which  renders  it  evident,  that  during 
&11  the  ball  advances  with  the  same  progressive  motion  as  the 
riage. 

Let  T  (Jig.  22.)  represent  the  point  from  which  the  ball  is  discn- 
^  and  B  the  point  of  the  rails  vertically  under  it  ]  the  height  t  b 
iog  16  feet.  Let  B  b' be  29 i  yards.  In  one  second  after  the  ball 
s  been  disengaged,  the  point  t  will  have  been  carried  forwards  to 
vertically  above  b'.     At  the  moment  the  ball  was  disengaged  from 


Fig.  22. 


it  participated  in  the  progressive  motion  of  the  carriage,  and  con- 
loently  having  a  motion  in  the  direction  T  t',  which,  if  it  had  not 
en  duengaged,  would  have  carried  it  to  t'  in  one  second.  During 
e  fall  this  motion  is  combined  with  that  of  the  vertical  descent,  and 
e  combination  of  the  two  motions  will  cause  the  ball  to  move  over 
e  curve  represented  by  the  dotted  line,  and  to  arrive  at  b',  the 
lint  vertically  under  t',  at  the  end  of  a  second. 
These  effects  may  be  illustrated  in  a  still  more  striking  manner  by 
pposing  a  vertical  tube  16  feet  high  carried  with  the  train,  like  the 
Qoke-fnnnel  of  the  engine.  If  a  ball  were  held  over  the  centre  of 
le  top  of  the  mouth  of  this  funnel,  and  let  fall,  it  would,  if  the  train 
ere  at  rest,  strike  the  bottom  of  its  centre  point,  falling  directly 
ong  the  centre  or  axis  of  the  tube.  If  the  tube  be  carried  forward 
ith  any  velocity,  such  as  sixty  miles  an  hour,  the  side  of  the  tube 
ill  not  be  carried  against  the  ball  by  such  progressive  motion  as 
light  be  imagined,  but  the  ball  during  its  descent  will  still  keep  exactly 
1  the  centre  of  the  tube,  as  it  would  have  done  had  the  tube  been 
tiest 
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183.  Example  IX.  —  Billiard  playing  an  application  of  (k 
composition  and  resolution  of  motion.  —  The  skill  of  the  billiud 
player  depends  on  his  dextrous  application  of  the  composition  ud 
resolution  of  force.  All  the  movements  of  the  balls,  in  obedience  to 
the  cue,  and  whether  reflected  from  each  other,  or  from  the  cushioDi) 
are  determined  by  this  principle. 

Ijct  P  (Jig.  23.)  be  a  billiard-ball  driven  in  the  direction  P  0  bj 
the  cue.     At  o  let  it  strike  the  cushion  M  n.     The  force  of  the  impact 

Q  may  be  represented  by  the 
dotted  line  o  A,  which  is 
the  diagonal  of  a  parmllelo- 
gram,  one  side  of  which  is 
0  B  perpendicular  to  the 
cushion,  and  the  other  o  c  ii 
the  direction  of  the  cushioo. 
The  eflfect,  therefore,  is 
the  same  as  if,  at  the  mo- 
ment the  ball  struck  the 
cushion,  it  were  influenced 
by  two  independent  foroei 
represented  by  o  o  and  o  B. 
The  force  o  B  being  perpen- 
dicular to  the  cushion  is  de> 
stroyed  by  its  reaction ;  bat 
the  ball,  being  elastic,  re- 
ceives a  rebound  in  the  oon- 
Tho  force  0  c  being  in  the  direction  of  the 


Fig.  23. 


trary  direction  o  b' 

cushion  is  not  destroyed,  and  being  combined  with  that  of  the  rebondd 
o  b'  will  cause  the  ball  to  move  along  the  diagonal  o  D  of  the  paral- 
lelogram, of  which  these  two  lines  o  c  and  o  b'  are  the  sides.  If  0^ 
instead  of  bein^  a  point  upon  the  cushion,  had  been  a  point  upon  the 
surface  of  anotner  ball,  the  eflfects  would  be  the  same,  only  in  thil 
case  the  line  M  N  would  represent,  not  the  cushion,  buiii  a  tangent 
plane  to  the  ball  at  the  point  of  impact. 

The  skill  of  the  billiard  player  consists  in  a  knowledge  of  the  com- 
bination of  such  effects  of  the  composition  and  resolution  of  force ; 
but  instead  of  deriving  it  from  the  physical  principles,  he  obtains  his 
knowledge  by  long-continued  experience.  He  knows  the  effects,  but 
cannot  explain  them. 

In  fg.  24.  a  stroke  is  represented  in  which  a  cannon  is  made, 
after  successive  reflections  from  each  of  the  four  cushions,  at  the 
points  marked  o.  The  ball  p  is  first  directed  in  the  line  p  o,  upon 
the  ball  p',  so  that  being  reflected  from  it,  it  strikes  the  four  cushioDi 
6ucccs*sivcly  at  the  points  marked  o,  and  is  finally  reflected  so  as  to 
strike  the  third  ball  p".  At  each  of  the  reflections  from  the  ball  p" 
and  the  four  cushions,  the  same  composition  and  resolution  of  foroe 
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jaot  at  18  repreaonted  in  fig.  23.,  vxA  the  diograms  showiog 
I  mod  lesolatioD  are  given  in^^.  24. 


Fig.  24. 

iilXAMPLE  X.  —  Example  proving  the  diurnal  rotation  of 
1.  —  The  principle  of  the  composition  and  resolution  offeree 
a  ingeniously  applied  for  the  purpose  of  obtaining  a  direct 
ration  of  the  diurnal  motion  of  the  earth. 
[ligh  tower  or  steeple  be  erected  on  the  surface  of  the  earth, 
lent  that,  in  consequence  of  the  revolution  of  the  globe  upon 
the  top  of  the  tower  will  be  moved  in  a  greater  diurnal  circle 
e  base,  being  more  distant  from  the  common  centre  round 
he  entire  world  is  moved.     The  top  of  the  tower,  therefore, 
rtbing  placed  upon  it,  has  a  greater  velocity  from  west  to  east^ 
I  the  direction  of  the  earth's  rotation,  than  has  the  bottom. 
if  we  imagine  a  heavy  ball  to  be  let  fall  from  the  top  of  the 
)wards  the  base,  this  ball  will  be  aflfected  by  two  motions :  1st, 
ich  it  his  in  common  with  the  top  of  the  tower  from  west  to 
virtue  of  the  earth's  diurnal  motion ;  and  2dly,  that  vertical 
which  it  has  in  falling.     The  course  it  will  follow  will  there- 
pcnd  on  the  combination  of  these  two  motions,  and  it  will 
he  ground  at  a  point  east  of  that  which  it  occupied  at  the  com- 
icut  of  its  fall,  by  a  space  equal  to  that  through  which  the 
the  tower  is  carried  during  the  time  of  the  fall.     But  during 
ne  interval,  the  base  of  the  tower  is  also  moving  eastward,  but, 
been  explained,  through  a  less  space. 
as  the  ball  is  carried  eastward  through  the  space  through 
the  top  of  the  tower  is  carried,  while  the  base  of  the  tower  is 
eastward  through  a  less  space,  the  ball,  instead  of  falling  at 
18  of  the  tower,  which  it  would  do,  if  there  were  no  diurnal  ro- 
>f  the  earth,  will  fall  just  so  much  east  of  the  base  as  is  equal 
difference  between  the  motion  of  the  top  and  the  motion  of  the 
of  the  tower, 
the  dJSerenoe  between  ita  two  motiona  must  bo  an  extremoV^ 


88  OF  FORCE  AND  MOTION. 

minute  quantity,  it  might  be  supposed  that  such  an  experimenl^ 
though  beautiful  in  theory,  would  be  impracticable;  the  quantity 
which  would  indicate  the  effect  of  rotation  being  smaller  than  could 
be  accurately  measured. 

The  experiment,  nevertheless,  has  been  made,  and  the  result  has 
been,  within  the  limits  of  error,  such  as  would  be  produced  by  a 
diurnal  revolution  of  the  earth  in  twenty-four  hours. 

185.  Motion  absolute  and  relative,  —  Motion  is  distinguished  into 
absolute  and  relative. 

186.  Example  XI.  —  A  person  walking  on  the  deck  of  a  ship, 
—  K  a  man  walk  upon  the  deck  of  a  ship  from  stem  to  stern,  he  haa 
a  motion  relative  to  the  deck,  measured  by  the  space  upon  it  over 
which  he  walks  in  a  given  time ;  but  while  he  thus  walks  from  stem 
to  stem,  the  ship  and  its  contents,  including  himself,  are  carried  in 
an  opposite  direction. 

If  it  should  so  happen  that  his  own  progressive  motion  from  stem 
to  stem  is  exactly  equal  to  the  progressive  motion  of  the  ship,  then 
ho  will  be  at  rest  with  regard  to  the  surface  of  the  sea,  and  will  be 
vertically  above  the  same  point  of  the  bottom ;  for  his  own  motioa 
on  the  surface  of  the  deck  in  one  direction  is,  by  this  supposition^ 
exactly  equal  to  the  motion  of  the  ship  in  the  other  direction. 

If  he  walk  upon  the  deck  at  a  slower  i-ate  than  the  progress  of  the 
ship,  then  ho  will  have  a  motion  relatively  to  the  sea,  in  the  direction 
of  the  ship's  motion,  equal  to  the  difference  between  the  rate  of  the 
ship  and  the  rate  of  his  own  motion  on  the  deck ;  but  if  he  move 
from  stem  to  stern  on  the  deck  at  a  more  rapid  rate  than  the  ship 
advances,  then  he  will  have  a  motion  relative  to  the  sea  contrary  to 
that  of  the  ship,  and  equal  to  the  difference  between  the  rate  of  the 
ship  and  the  rate  of  his  own  motion  on  the  deck. 

]3ut  these  motions  are  again  compounded  with  that  of  the  earth,  in 
which  the  man  who  walks,  the  ship  which  sails,  and  the  sea  itself 
participate ;  and  if  the  absolute  motion  of  the  man  who  walks  upon 
deck  is  required  to  be  determined,  it  would  be  necessary  to  combioe, 
by  the  principles  of  the  composition  of  motion,  1st,  the  motion  of 
the  man  upon  the  deck ;  2dly,  the  motion  of  the  ship  through  the 
water;  3dly,  the  motion  of  the  earth  on  its  axis;  and  4thly,  the  mo- 
tion of  the  earth  in  its  orbit. 

187.  Example  XII. —  Gymnastic  and  equestrian  feats, — 
Many  of  the  feats  exhibited  in  gymnastic  and  equestrian  exhibi- 
tions are  explained  by  the  principles  of  the  composition  and  resolution 
of  motion. 

As  an  example,  let  us  take  the  case  in  which,  the  exhibitor  stand- 
ing on  the  saddle,  a  table  or  other  elevated  object  is  held  before  him, 
above  the  height  of  the  horse,  but  below  that  of  the  rider,  so  thai 
bhe  horse  may  pass  under  the  table,  which  would  obstract  the  pr(K 
greas  of  the  rider.     In  this  case  the  rider  leaps  over  the  table,  uid 
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letam  to  the  nme  point  of  the  saddle  which  he  left  when  the  horse 
hid  pMsed  under  the  table. 

Nov,  this  feat  demands  from  the  rider  a  muscular  exertioo,  ex- 
tranelj  difoent  from  that  which  might  be  expected. 
Let  OS  soppoee  the  course  of  the  horse  to  be  represented  by  a  a' 

(Jig.  25.),  the  table  by  t  b, 
and  the  position  of  the  rider 
upon  the  saddle  when  the 
horse  approaches  the  table,  and 
when  the  leap  is  about  to  be 
jj  effected,  by  R  D.  At  this  point 
the  rider  leaps,  not  with  a  force 
which  would  project  him  over 
the  table,  but  with  one  which 
would  project  him  vtrlically 
Fig.  25.  upwards  to  the  position  roj)rc- 

sented  by  r'  d\  This  motion, 
whined  with  the  progressive  motion  which  the  rider  has  in  con>- 
MQ  with  the  horse,  and  which  is  represented  by  R  t,  will  cause  the 
lidor  to  move,  not  directly  upwards,  in  immediate  obedience  to  his 
nertion,  but  in  the  diagonal  direction  R  r,  so  that  at  the  moment 
the  horse  comes  directly  under  the  table,  the  rider  is  directly  over  it 
It  r  d-  The  upward  force  of  the  leap  being  here  expended,  the 
body  of  the  rider  begins  to  fall,  and,  if  not  urged  by  a  progressive 
MtioD,  would  fall  on  the  table.  But  retaining  the  progressive  mo- 
tion, the  descending  tendency  of  the  fall  is  combined  with  such  uio- 
tmi,  and  the  rider  accordingly  descends  in  the  diagonal  direction  r 
B',  and  arrives  at  the  point  R'  precisely  at  the  moment  that  the  sad- 
dle borne  by  the  horse  arrives  at  the  same  point,  so  that  the  rider 
fetoms  to  his  position  on  the  saddle  at  r'  which  he  left  at  R. 

Strictly  speaking,  in 
this  example,  the  mo- 
tion of  the  rider  does 
not  take  place  in  the 
right  lines  represented 
by  the  diagonals  in  the 
figure,  but  in  lines 
slightly  curved  {fig. 
26.).  This,  however, 
makes  no  difference  in 
the  principle  involved 
in  the  case. 

188.  Example  HUl.  — Flying  a  itiVe.— The  flying  of  a  kite 
presents  an  example  of  the  principle  of  the  composition  of  forces. 
^  ^  ifig'  27.)  be  the  point  upon  which  the  force  of  the  wind  may 
8*  80 


Fig.  26. 
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be  consideied  as  concentrated,  and  let  the  direction  and  qnantitj  of 
this  force  be  represented  by  the  horizontal  line  k  w.     This  line  K  w 

may  be  taken  as  the  dia* 
gonal  of  a  parallelo- 
gram, one  side  of  which 
KL  is  in  the  direction 
of  the  surface  of  the 
kite,  and  the  other  K  M 
perpendicular  to  it.  The 
former  component  K  l^ 
being  in  the  direction  of 
the  surface  of  the  kite, 
glides  off  without  effect; 
the  latter  K  M,  being 
perpendicular  to  Uie  kite, 
is  effective.  If  the 
string  of  the  kite  be  in 
the  direction  K  A,  direct* 
ly  opposed  to  K  M,  then 
the  tension  of  the  string  will  balance  the  force  K  M,  and  the  kite 
will  remain  suspended  in  the  air,  without  rising  higher ;  but  if  the 
direction  of  the  string  be  k  a',  making  an  angle  with  K  M,  then  the 
tension  of  the  string  acting  in  the  direction  K  a',  and  the  component 
of  the  wind  acting  in  the  direction  of  K  M,  will  produce  a  resultant' 
action  in  some  intermediate  direction  such  as  K  N,  and  this  resultant 
will  cause  the  kite  to  rise  to  the  point  N,  describing  a  circle  round 
the  centre  a',  and  the  kite  will  ascend  in  this  circle  until  the  string 
K  a'  takes  the  direction  of  the  component  of  the  wind  to  which  it  is 
opposed. 


Fig.  27. 
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THE  FORCE  OP   MATTER  IN   MOTION. 

189.  Force  of  a  moving  mass, — That  a  mass  of  matter  moving  in 
any  manner  exercises  a  certain  force  against  any  object  which  may  lie 
in  its  way,  is  the  physical  law  which,  of  all  others,  is  the  most  early,  the 
most  frequent,  and  the  most  universal  result  of  observation  and  ex- 
perience. The  child  has  hardly  emerged  from  the  nurse's  annn, 
before  it  becomes  conscious  of  the  force  with  which  its  body  would 
strike  the  ground  if  it  fell. 

190.  Momentum  of  solid  masses. — The  moving  mass  of  a  hammer- 
head will  exercise  a  force  upon  a  nail  sufficient  to  make  it  penetrate 
wood,  an  effect  which  no  common  pressure  could  produce.     The  foroe 
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t  ilw  biiDmer-heid  of  the  slodge-hammer  will  compress  and  vary 
be  farm  of  m  mass  of  metal  under  it 

Bj  the  fixroe  of  a  descending  mass  of  matter,  the  die  impresses 
ipon  a  piece  of  metal  the  image  and  characters  of  the  coin  with  more 
idefitj  and  effect  than  the  pressoie  of  the  hand  could  produce  them, 
fanalarlj  applied  to  wax. 

The  force  of  m  moving  mass  will  cause  a  punch  to  penetrate  a 
ndk  plate  of  irony  or  a  shears  to  cut  the  same  plate,  with  as  much 
dlitj  as  m  needle  would  penetrate,  or  a  common  scissors  cut  this 
iper. 

The  moving  masses  of  the  spear,  the  javelin,  and  the  arrow,  and 
r  the  bullet  and  the  cannon-ball,  have  been  used  as  destructive  pro- 
sctiles  in  war,  andent  and  modem. 

191.  MamerUum  of  liquids,  —  This  quality  equally  appertains  to 
litter  in  the  liquid  form. 

The  force  of  the  torrent,  when  a  river  overflows  its  banks,  has  car- 
«i  away  buildings  and  levelled  towns.  The  force  of  the  stream  is 
sed  to  torn  the  mill  and  discharge  viirious  mechanical  functions. 

They  who  have  stood  at  the  foot  of  Niagara,  have  been  conscious 
r  the  frightful  energy  of  the  mechanical  power  developed  by  the 
lodon  of  the  mass  of  waters  forming  that  cataract. 

192.  Momentum  of  air, — The  same  quality  belongs  to  matter  even 
1  its  most  attenuated  form  of  air.  The  force  of  air  in  motion  car- 
ies the  ship  over  the  sea,  and,  acting  upon  the  diverging  anns,  im- 
ds  the  mill.  The  tempest  agitates  the  deep,  and  flings  the  largest 
vessel,  with  destructive  force,  upon  the  rock.  The  force  of  the  mov- 
Bg- atmosphere  in  the  hurricane  devastates  countries,  overturning 
NuldiDgs,  and  tearing  up  by  the  roots  the  largest  trees. 

It  will  therefore  be  understood  how  important  it  is  to  investigate  the 
aw8  which  govern  a  quality  of  matter  which  dcvelopes  such  effects. 

193.  Conditions  which  determine  the  force  of  a  moving  mass. — It 
5  not  enough  to  know  that  matter  in  motion  will  exercise  this  force 
3D  aDj  object  which  it  encounters ;  we  must  be  able  to  express,  with 
arithmetical  precision,  the  conditions  on  which  the  energy  of  this  force 
Id  each  case  depends ;  we  must  be  able  to  determine,  when  two  dif- 
ferent masses  of  matter  are  moved  under  known  conditions,  what  is 
ibc  proportion  between  the  forces  which  they  would  respectively  exert 
m  iny  object  which  they  might  strike. 

194.  The  moving  force  augments  with  the  velocity.  — If  a  leaden 
1*11,  of  a  certain  magnitude,  move  with  a  certain  velocity,  it  will 
itrikc  an  object  with  a  certain  determinate  force. 

If  another  leaden  ball,  of  the  same  magnitude,  moving  beside  it 
"ith  the  same  velocity,  strike  the  same  object  at  the  same  time,  it 
^1  evidently  strike  it  with  the  same  force,  so  that  the  force  exerted 
by  the  two  balls  will  be  precisely  double  the  force  which  would  bo 
uerted  by  either  of  them. 


02  -        OF  FORCE  AND  MOTION. 

195.  When  the  velocity  is  (he  name,  the  moving  force  augmenU 
with  the  mass  moved,  —  But  if  we  suppose  the  two  balls  moulded 
into  one,  so  as  to  make  a  ball  of  double  magnitude,  the  force  of  the 
impact  will  still  be  the  same.  It  results,  therefore,  in  general,  thai 
if  two  bodies  be  moved  with  the  same  velocity,  one  having  twice  the 

auantity  of  matter  of  the  other,  the  force  of  the  latter  will  be  twice 
lat  of  the  former. 

By  the  same  mode  of  reasoning,  it  may  be  shown  generally  that^ 
in  whatever  proportion  the  mass  of  the  body  in  motion  be  increased, 
the  force  with  which  it  would  strike  an  object  iu  its  way  will  bo  in- 
creased in  the  same  proportion. 

This  force,  exerted  by  a  mass  of  matter  in  motion,  is  called  in  me- 
chanics by  the  term  momeniwn,  and  sometimes  by  the  phrase  moving 
force  or  quantity  of  motion. 

When  the  velocity  is  the  same,  therefore,  the  momentum  or  mov- 
ing force  of  bodies  is  directly  proportional  to  their  mass  or  quantity 
of  matter. 

It  is  found  that  any  force  which  would  impel  a  ball  with  a  given 
velocity  must  be  doubled,  if  the  ball  require  to  be  impelled  with 
double  the  velocity,  and  increased  in  a  threefold  proportion  if  the  ball 
be  required  to  be  impelled  with  three  times  the  velocity,  and  so  on. 
It  is  evident,  therefore,  that  the  moving  force  of  a  body  will  be  aug- 
mented in  the  exact  proportion  in  which  its  velocity  is  increased,  its 
mass  or  quantity  of  matter  remaining  the  same. 

Thus  the  force  with  which  a  ball  weighing  an  ounce  and  moving 
at  ten  feet  per  second  will  strike  any  object,  will  be  exactly  ten  times 
the  force  with  which  the  same  ball,  moving  at  one  foot  per  second, 
would  strike  such  an  object. 

These  fundamental  principles  are  so  obviously  consistent  with  uni- 
versal experience,  that  they  can  scarcely  be  said  to  require  proof. 

196.  Example  I.  —  Force  necessary  to  project  a  stone  hy  the 
hand,  —  If  we  project  a  stone  from  the  hand,  we  give  it  but  a  slight 
impulse,  if  our  purpose  be  to  impart  to  it  a  slow  motion ;  but  if  we 
desire  to  project  it  with  greater  speed,  we  exercise  a  greater  force  of 
projection.  Now,  as  the  stone  receives  all  the  force  communicated 
by  the  hand,  it  is  evident  that  the  increase  of  force  in  this  case  is  ex- 
hibited by  the  increase  of  velocity  of  the  motion  of  the  projectile,  the 
body  projected  being  the  same. 

If  we  find  a  certain  muscular  exertion  sufficient  to  project  a  ball 
10  lbs.  weight  with  a  certiiin  velocity,  wo  shall  find  it  necessary  to 
use  double  the  force  if  we  desire  to  project  a  bull  20  lbs.  weight  with 
the  same  velocity. 

197.  Example  II.  —  Force  necessary  to  row  a  skiff.  —  A  man's 
force  exerted  upon  oars  can  propel  a  skiff  weighing  100  lbs.  through 
the  water  at  the  rate  of  ten  feet  per  second ;  but  the  same  force  ap* 
phed  in  the  same  manner  to  a  vessel  weighing  a  hundred  tons  wooU 
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not  move  it  faster  than  a  sixteenth  of  an  inch  per  second ;  for  since 
the  same  force  would  be  then  applied  to  a  body  more  than  two  tboa- 
nnd  times  lieavier,  the  speed  of  the  motion  would  be  more  than  two 
thoMiiid  times  less. 

198.  Jlriihmeiieai  expression  for  momenium* — To  express  mo- 
mentam  arithmeticallj;  let  M  express  the  mass  of  the  bod j^  and  v  its 
TeJoeitj;  then 

M  X  V 

will  express  its  moving  force :  and  if  m'  express  the  mass  of  another 
body,  and  v'  express  its  velocity, 

m'  X  v' 

will  express  its  moving  force. 

Nothing  can  be  more  simple  or  easy  than  the  use  of  such  symbulsy 
provided  it  be  observed  that  the  same  units  are  used  in  each  case  for 
matter,  and  space,  and  time.  Thus,  for  example,  if  in  the  first  case 
the  mass  M  be  expressed  by  its  weight  in  pounds,  and  the  velocity  y 
by  the  number  of  feet  moved  over  per  second,  then  it  is  necessary, 
in  the  second  case,  that  the  mass  m'  should  also  be  expressed  in 
pounds,  and  the  velocity  y'  also  in  feet  per  second. 

For  example,  if  the  mass  M  be  10  lbs.,  and  the  velocity  y  5  fc^t 
per  second,  then  the  product 

M  X  y  =  50; 

the  meaning  of  which  is,  that  the  moving  force  of  the  body  M  having 
the  velocity  y,  will  be  the  same  as  the  moving  force  of  a  body  weigh- 
ing 50  lbs.,  moved  at  one  foot  per  second. 

In  like  manner,  if  the  mass  m'  be  5  lbs.  and  its  velocity  y'  10  feet 
per  second,  then  its  momentum  will  be 

M'  X  y'  =  50; 

showing  that  in  this  case  also  the  momentum  is  the  same  as  that  of 
m  body  weighing  50  lbs.  moving  through  one  foot  per  second. 

In  these  two  cases  the  momenta  are  equal,  although  the  mass  of 
one  body  be  double  that  of  the  other ;  but  it  will  be  observed  that 
the  lighter  mass  obtains  as  much  force  by  its  superior  velocity  as  the 
'other  nas  by  its  superior  quantity. 

199.  General  condition  of  the  equality  of  moving  forces.  —  These 
examples  being  generalized,  wo  obtain  the  the  following  theorem, 
which  is  of  considerable  use  in  mechanics :  — 

When  the  momenta  of  ttoo  bodies  are  equals  their  velocities  mil  he 
m  the  inverse  proportion  of  their  quantities  of  matter. 

The  meaning  of  which  is,  that  the  velocity  of  the  lesser  body  will 
be  just  so  much  greater  than  the  velocity  of  the  greater,  as  the  quantity 
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of  matter  in  the  latter  is  greater  than  the  quantity  of  matter  in  (he 
former. 

A  ball  of  cork  which  strikes  upon  a  plank  of  wood,  even  with  the 
greatest  velocity,  will  scarcely  produce  an  indentation  of  its  sorface. 
A  ball  of  lead  striking  on  the  same  plank  with  the  same  yelocity,  will 
penetrate  it 

The  force  of  the  latter  will  be  greater  than  the  former  in  the  i 
proportion  as  lead  is  heavier  than  cork. 


CHAP.   IV. 

THE  COMMUNICATION  OF  MOMENTUM  BETWEEN  BODY  AND  BODY. 

200.  Effects  of  Collision, — When  a  body  in  motion  enconnten 
another  body,  certain  changes  ensue  in  the  motion  and  in  the  moving 
force  of  both  bodies. 

These  changes  are  in  general  of  a  complicated  kind,  depending  on 
the  degree  of  elasticity  of  the  bodies,  their  form,  weight,  and  other 
physical  circumstances. 

201.  Case  of  inelastic  masses. — To  simplify  the  question,  how- 
ever, at  present,  we  shall  consider  the  bodies  completely  devoid  of 
elasticity,  and  so  constituted  that  after  the  one  impinges  on  the  other 
they  shall  coalesce  and  move  as  one  body  in  some  determinate  direc- 
tion, and  with  some  determinate  speed. 

Although  these  conditions  be  not  strictly  fulfilled  in  practice,  they 
lead  to  conclusions  of  the  greatest  practical  utility,  and  which  approxi- 
mate more  or  less  to  the  results  of  experience,  which  results,  however, 
are  modified  by  various  physical  and  mechanical  conditions,  the  con- 
sideration of  which  is  here  omitted. 

202.  Effect  of  a  moving  body  striking  another  at  rest.  —  If  we 
suppose  a  mass  of  matter  M  (fg.  28.)  moving  in  a  certain  direction 


Q-^=. Qh 

A  » 

Fig.  28. 

A  B,  with  a  velocity  v,  to  encounter  another  mass  of  matter  m'  at 
rest,  and  that  after  the  impact  the  two  masses  shall  coalesce  and  move 

3 [ether;  let  it  be  required  to  ascertain  what  will  be  the  direetioD| 
oohj,  and  force  of  the  united  masses  after  such  impact 
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The  mass  M',  being  suppomd  to  be  previousl j  at  rest,  ean  have  no 
motion  save  what  it  may  receive  from  the  mass  M ;  and  consequently, 
after  the  impact,  it  must  move  in  the  same  direction  a  b  as  the  masa 
M  moved  in  before  the  impact. 

Whatever  moving  force  m'  may  obtain  by  its  coalition  with  M 
must  be  lost  by  the  mass  m. 

This  is  an  immediate  and  very  important  consequence  of  the  quality 
of  inactivity  or  inertia,  which  luis  been  already  fully  explained. 

Bodies  cannot  generate  force  in  themselves,  nor  can  they  destroy 
force  which  they  have  independent  of  any  external  agency.  What- 
ever force,  therefore,  the  mass  m'  may  acquire  after  the  coalition  of 
ihe  two  bodies,  must  be  lost  by  the  mass  m;  and  consequently,  the 
total  moving  force  of  the  united  masses,  after  the  impact,  must  be 
exactly  equal  to  the  moving  force  of  the  mass  M  before  impact.  Now, 
according  to  what  has  been  already  explained,  the  moving  force  of  the 
mass  M  before  impact  was 

M  X  V. 

If  9  be  taken  to  express  the  velocity  of  the  united  masses  oiler  such 
eoalition,  then  since  the  quantity  of  matter  in  the  combined  masses  is 
M  +  m';  its  moving  force  after  coalition  will  be  expressed  by 
(m  +  m')  X  ». 

Bat  this  moving  force  cannot  be  greater  or  less  than  the  moving 
foroe  of  M  before  impact;  for  to  suppose  it  greater  would  be  to  assume 
thai  the  bodies  have  a  power  of  creating  force  in  themselves,  with 
which  they  were  not  endued  by  any  external  agency;  and  to  suppose 
it  leas  would  be  to  suppose  them  capable  of  destroying  a  force  which 
th^  had  independently  of  any  external  agency. 

Both  of  these  suppositions,  however,  are  equally  incompatible  with 
the  quality  of  inactivity  or  inertia,  which  implies  the  absence  of  all 
power  to  create  or  to  destroy  any  moving  force. 

It  follows,  therefore,  that  the  momentum  of  the  moss  M,  before 
impact,  is  equal  to  the  momentum  of  the  united  masses  after  impact, 
which  is  thus  expressed  in  arithmetical  symbols : — 

M  X  V  =  (M  +  m')  X  ». 
That  is  to  say,  the  mass  M,  multiplied  by  its  previous  velocity,  ia 
equal  to  the  united  masses  multiplied  by  their  subsequent  velocity. 

To  find,  therefore,  the  velocity  with  which  the  united  masses  will 
move,  it  is  only  necessary  to  divide  the  moving  force  of  the  mass  M, 
before  impact,  by  the  sum  of  the  united  masses  M  and  m'. 

203.  Example  I.  —  Boat  towing  ship,  —  As  an  example  of  thia> 
let  us  suppose  a  boat  connected  with  a  ship  by  a  tow-rope,  the  latter 
being  slack,  to  be  propelled  by  rowers,  at  the  rate  of  ten  miles  an 
hoor^  the  boat  weighing  one  hundred-weight,  and  the.  ship  weighing 
ffity  tonsy  being  one  thouaand  times  the  weight  of  the  boat.    Thia 
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moment  the  rope  becomes  tight,  or,  as  seamen  call  it,  ten/,  the  moving 
force  of  the  boat  is  divided  between  the  mass  of  itself  and  of  the 
ship,  and  the  common  velocity  of  the  two  will  be  determined  by  the 
principles  above  explained. 

To  find  it,  therefore,  it  will  be  necessary  to  diminish  the  previon 
velocity  of  the  boat  in  the  proportion  of  the  weieht  of  the  united 
masses  of  the  ship  and  boat  to  diat  of  the  boat;  t£at  is^  in  the  ratio 
of  1001  to  1. 

The  velocity  of  the  boat  having  been  ten  miles  an  hour,  or  14} 
feet  per  second,  the  velocity  with  which  the  ship  would  bo  towed  will 
be,  therefore,  the  ^J Jy  part  of  a  foot  per  second. 

Thus,  the  force  which  was  sufficient  to  propel  the  towing  boat  alone 
through  146}  feet  in  ten  seconds,  will  only  tow  the  ship  through 
little  more  than  one-sixth  of  a  foot  in  the  same  time. 

204.  Collision  of  two  bodies  moving  in  same  direction. — ^We  have 
here  taken  the  case  in  which  the  body  m'  is  at  rest  Let  us  now 
suppose  that  it  has  a  motion  in  the  same  direction  A  B  as  that  of  iht 
mass  M,  but  with  a  velocity  v',  less  than  v,  the  velocity  of  M,  so  that 
the  body  M  shall  overtake  the  body  m',  and  that  after  coalition  thej 
shall  move  together  with  a  common  speed ;  what  will  this  common 
speed  be  ?  It  follows,  as  a  consequence  of  the  quality  of  inactivity 
or  inertia,  that,  after  their  coalition,  the  united  masses  cannot  have  a 
moving  force  either  greater  or  less  than  they  had  before  their  union ; 
consequently,  the  moving  force  of  the  coalesced  bodies  will  be  found 
by  adding  together  the  two  moving  forces  which  they  bad  before 
their  coalition.  These  two  forces,  according  to  what  has  been  ex- 
plained, being  expressed  by  M  X  v  and  M'  X  Y',  the  moving  fbroei 
of  the  coalesced  mass  will  bo 

M  X  V  -f  m'  X  v'. 

But  if  V  express  the  velocity  of  the  united  masses,  its  moving  fiwce 
must  also  be  expressed  by  this  velocity  v,  multiplied  by  the  total 
mass,  that  is,  by  M  -f  m'  ;  and,  consequent!}-,  we  have 
M  X  V  +  M'  X  V'  =  (m  +  m')  X  V. 

It  follows,  therefore,  from  this,  that  if  we  divide  the  sum  of  the 
moving  forces  of  the  two  bodies,  before  their  union,  by  the  sum  of 
their  masses,  the  quotient  will  be  the  velocity  of  the  united  masses 
after  their  union,  the  moving  force  of  the  united  masses  being  equiva- 
lent to  the  sum  of  their  moving  forces  before  their  union. 

It  is  evident  that  this  common  velocity,  which  the  combined  bodies 
will  have  after  their  union,  will  be  less  than  the  speed  of  tho  body  M 
which  overtakes  the  other,  and  greater  than  that  of  the  body  m'  which 
is  overtaken ;  the  one  gains  and  the  other  loses  velocity,  and,  conse- 
quently, it  is  evident  that  the  one  must  gain  and  the  other  lose  mo- 
mentum. Now,  this  gain  and  loss,  on  the  one  side  and  on  the  othery 
are  always  precisely  equal.    Whatever  momentum  the  body 
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leodyes  from  the  body  striking,  the  latter  loses,  and  neither  more  nor 
less.     There  is,  therefore,  a  precisely  equal  chanee  of  momentum. 

205.  Equality  of  aetUm  and  reaction,  •—  This  general  principle, 
which,  as  we  have  seen,  is  a  direct  consequence  of  the  quality  of 
inertia,  and  which,  if  not  established,  woujd  lead  to  the  oondnsion 
that  mere  matter  has  a  power  in  itself  to  produce  or  destroy  its  mo* 
tion,  is  usually  announced  under  the  form  of  the  following  mechani* 
eid  dogma  or  maxim : — 

ACTION  AND  REACTION  ARI  2QUAL  AND  CONTBART. 

The  term  actum,  applied  to  the  case  above  explained,  is  the  power 
which  the  striking  body  has  to  give  increased  momentum  to  the  body 
struck ;  and  reaction  expresses  the  correlative  power  which  the  body 
struck  has  of  depriving  die  striking  body  of  an  exactly  equal  quantity 
of  momentum. 

This  celebrated  law  of  the  equality  of  action  and  reaction,  there- 
fore, means  nothing  more  than  tne  equal  interchange  of  momentum, 
in  oontriry  directions,  between  two  bodies  which  come  into  collision, 
and,  as  such,  is  an  immediate  consequence  of  the  quality  of  inertia. 

206.  ExABfFLE  I. — Mutual  action  of  two  boats, — If  m  boat 
weiffhiog  a  hundred-weight,  rowed  at  the  rate  of  fifteen  feet  per  se- 
eond,  be  suddenly  connected  by  a  towing-line  with  another  boat 
whidi  is  rowed  in  the  same  direction  at  the  rate  of  ten  feet  per  se- 
eond,  and  which  weighs  two  hundred-weight,  then  the  momentum  of 
the  first  bemg  expr^wd  by  15,  and  that  of  the  second  by  20,  their 
oombined  momenta  will  be  35,  which,  being  divided  by  their  united 
wd^ts  8,  gives  the  quotient  11{,  or  11  fL  8  in.,  the  space  per  se- 
oooa  through  which  ihey  will  be  rowed  together. 

207.  Eg^ct  of  coUition  of  two  bodies  moving  in  contrary  direc' 
tunu,  —  Jnnally,  let  us  consider  the  case  in  which  the  two  mxlies  M 
and  M'  (Jig,  29.)  are  moving,  not  in  the  same,  but  in  contrary  di- 
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Fig.  29. 

lections.  Let  the  body  m  be  supposed  to  be  moving  from  A  towards 
c,  and  the  body  m'  from  B  towaxds  o;  and  let  c  be  the  point  at  which 
they  will  coalesce,  the  momentum  of  M  being  supposea  to  be  greater 
than  that  of  m'.  On  their  coalition,  the  momentum  of  M'  will  de- 
stroy just  so  much  of  the  momentum  of  M  as  is  equal  to  its  own 
amount;  for  it  is  evident  that  equal  and  contrary  forces  must  destroj 
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each  other.  After  the  union  of  the  two  bodies,  the  momentam;  thera^ 
lore;  that  will  remain  nndeatrojedy  will  be  the  excess  of  the  moring 
force  of  M  over  the  moving  force  of  H',  and  this  excess  will  be  in  the 
direction  o  b  of  the  progressive  motion  of  the  body  M.  But,  as  we 
have  seen,  the  moving  force  of  the  body  m  is  expressed  by  M  X  Y, 
and  the  moving  force  of  the  body  m'  is  expressed  by  m'  X  y\  It 
therefore  follows  that  the  moving  force  which  the  united  masses  will 
have  in  the  direction  a  b  will  be 

•       M  X  V  —  M'X  V'. 


But  it  is  also  apparent  that  the  moving  force  of  the  united 
will  be  expressed  oy  the  quantity  of  the  united  masses  multiplied  by 
their  velocity.  If  we  express,  as  before,  this  velocity  by  v,  then  we 
■hall  have 

M  X  V  —  m'  X  v'  =  (m  +  m')  X  V. 

This  statement  implies  nothing  more  than  that  the  momentum  of 
the  masses^  after  their  coalition  m  the  direction  of  the  greater  force, 
will  be  equal  to  the  difference  between  their  momenta  in  oontnij 
directions  before  coalition. 

It  follows,  also,  from  this,  that  the  velocity  of  the  united  maans 
in  the  direction  of  that  which  has  the  greater  force  before  their  ooa& 
tion,  will  be  found  by  dividing  the  dinerence  between  their  momenta 
by  tiie  sum  of  their  masses. 

208.  This  effect  verifies  the  law  of  the  equality  of  action  and  rt' 
action.  —  This  case  affords  another  example  of  the  application  of  the 
maxim,  that  action  and  reaction  are  equal  and  contrary. 

The  effect  which  takes  place  when  the  bodies  coalesce  may  be  thus 
explained. 

When  the  two  bodies  M  and  m'  meet  at  o  {fig,  29.),  the  action  of 
the  body  M  upon  the  body  m'  destroys  the  entire  momentum  of  the 
latter  in  the  direction  B  o,  and,  in  addition  to  that,  imparts  to  it  a 
certain  momentum  in  the  contrary  direction  c  b,  which  will  be  ex- 

gressed  by  the  mass  M',  multiplied  by  the  velocity  which  that  mass 
as  in  common  with  M,  in  the  direction  o  B,  after  their  coalition. 
This  velocity  is  expressed  by  v,  and,  consequently,  the  momentum 
imparted  to  m',  in  the  direction  o  B,  after  impact  by  the  action  of  the 
body  M,  will  be  m'  X  v.  The  total  action,  therefore,  of  the  body  If 
upon  the  body  m'  will  be  made  up  of  the  momentum  of  m',  which  is 
destroyed  in  the  direction  B  c,  and  which  is  expressed  by  M'  v',  and 
the  momentum  which  is  imparted  to  it  in  the  contrary  direction  c  B, 
and  which  is  expressed  by  m'  v.  Therefore,  the  entire  action  of  M 
upon  m'  will  be  expressed  by 

m'  X  v'  +  m'  X  V. 
Such|  then,  beiuff  the  effect  of  the  action  of  m  upon  m',  let  U8  now 
canaider  what  wHl  m  the  efifect  of  the  reaction  of  m'  upon  m.    Upoa 
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the  collision  at  o,  when  m'  Iobcs  its  entire  momentum  in  the  direction 
C  ▲,  it  will  destroy  in  the  bodj  M  an  exactly  equal  amount  of  momen- 
tum ;  that  is  to  say^  the  body  M  will  lose,  in  the  direction  A  c,  a 
momentum  eaual  to  m'  X  v'^  which  is  lost  by  the  body  m'.  But  M 
also  imparts,  oy  its  action  to  m'^  a  momentum  in  the  direction  of  c  b, 
which  is  expressed  by  m'  X  v.  Now,  the  reaction  of  vf  upon  M,  in 
receiving  this  momentum  in  the  direction  of  c  b,  must  deprive  M  of 
exactly  the  same  momentum  in  that  direction*;  that  is,  it  must  deprivo 
it  of  a  momentum  in  the  direction  of  ob,  expressed  by  h'  X  v. 
Hence  it  follows  that  the  total  amount  of  momentum  lost  by  reason 
of  the  reaction  of  m'  upon  M  is  expressed  by 

m'  X  V'  +  m'  X  V, 

which  is  precisely  equal  to  the  momentum  gained  by  m'. 

It  appears,  then,  that  in  this  case  the  law  of  equal  action  and 
reaction  is  still  fulfilled,  the  action  of  M  upon  H'  being  precisely  equal 
to  the  reaction  of  m'  upon  M. 

209.  Collision  of  equal  masses  with  equal  and  opposite  velocities. 
— When  two  equal  bodies  meet,  moving  with  equal  velocities  in  oppo- 
nte  directions,  their  shock  will  immediately  destroy  each  other's 
momentum;  for  in  this  case,  the  momenta  being  equal  and  contrary, 
it  will  be  mutually  destroyed.  The  force  of  the  shock  produced  by 
the  two  bodies  in  this  case  will  be  equal  to  the  force  which  either, 
being  at  rest,  would  sustain,  if  struck  by  the  other  moving  with  double 
the  velocity;  for  the  action  and  reaction  being  equal,  each  of  the  two 
will  sustain  as  much  shock  from  reaction  as  fi^m  action. 

210.  Examples  of  railway  trains  and  steamboats,  —  K  two  rail- 
way trains,  moving  in  contrary  directions  at  twenty  miles  an  hour, 
sustain  a  collision,  the  shock  will  be  the  same  as  if  one  of  them, 
being  at  rest,  were  struck  by  the  other  moving  at  forty  miles  an  hour. 

If  two  steamboats,  of  equal  weighty  approach  each  other,  one 
moving  at  twelve  miles  an  hour,  and  the  other  fifteen  miles  an  hour, 
each  will  suffer  a  shock  from  the  collision,  the  same  as  if  it  were 
struck  by  the  other  moving  at  twenty-seven  miles  an  hour. 

211.  Pugilism,  —  In  the  combats  of  pugilists,  the  most  severe 
blows  are  those  struck  by  fist  against  fist;  for  the  force  suffered  by 
each  in  such  case  is  equal  to  the  sum  of  the  forces  exerted  by  either 
arm.  Skilful  pugilists,  therefore,  avoid  such  collisions,  since  both 
sufler  equally  and  more  severely. 

212.  Collision  of  masses  moving^  in  different  directions.  —  In 
what  precedes  we  have  limited  our  observations  to  the  cases  in  which 
the  bodies  which  coalesce  are  moving  either  in  the  same  or  opposite 
directions  in  the  same  straight  line.  Let  us  consider  now  the  case  in 
which  they  move  in  difR^rent  straight  lines  before  their  coalition. 

Let  a  body  M  (^fig.  30.)  be  supposed  to  move  in  the  line  AB,  and 
from  A  towards  b.     At  some  intermediate  pobt  o  suppose  it  to  be 
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struck  by  another  body  M*, 
moving  in  the  line  a'  b'  from 
a'  towards  b',  and  suppose  thit 
at  the  moment  M  arrives  at  c, 
m'  also  arrives  at  that  point  and 
coalesces  with  it,  and  that  after 
their  union  the  bodies  mov« 
together.  The  (juestioD  is,  in 
what  direction,  with  what  foroe, 
and  with  what  velocity  they 
will  be  moved.  This  question 
is  easily  solved  by  the  applica-  _ 
^^'  ^'  tion  of  the  principle  of  the  psr- " 

aUelogram  of  forces  already  explained. 

Let  Hie  velocity  with  which  M  moves  in  the  direction  A  B  be  ex- 
pressed by  y,  and  let  the  velocity  with  which  m'  moves  in  the  dilu- 
tion a'  b'  be  expressed  by  v';  then  M  x  Y  will  be  the  movina  fime 
of  the  body  M  directed  from  o  towards  b,  and  m'  X  y'  will  be  the 
moving  force  of  the  body  m'  directed  from  o  towards  b'.  Let  the  dis- 
tance 0  D  represent  the  force  M  X  Y,  and  let  c  d'  represent  the  hnt 
m'  X  v'  and  complete  the  parallelogram  o  D  e  d'.  Draw  its  diagontl 
0  E.  Thb  diagonal  will  then  represent  the  direction  and  the  quantity 
of  the  momentum  which  the  combined  masses  M  and  m'  wm  have 
after  their  coalition.  If  we  would  find  the  velocity,  it  will  only  be  neces- 
sary to  divide  the  number  expressed  by  this  diagonal  o  e  by  the  num- 
ber expressing  the  sum  of  the  masses  M  and  m'  ;  the  quotient  will 
be  the  velocity  with  which  the  combined  masses  will  move  from 
c  to  E. 

213.  How  action  and  reaction  are  modified  hy  elasticity, — ^Whena 
body  which  strikes  a  hard  surface  is  elastic,  the  effects  of  action  and  re- 
action are  modified  in  a  manner  which  it  will  be  necessary  to  explain. 
Let  us  suppose,  for  the  simplicity  of  the  explanation,  that  the 
form  of  the  body  is  that  of  a  sphere  or  globe.  When  it  strikes  a 
hard  surface  with  any  force,  it  will  be  momentarily  flattened  at  the 
point  of  impact,  and  will  take  an  oval  form ;  the  force  of  the  impact 
will  compress  it  in  the  direction  of  tbc  blow,  and  it  will  be  elongated 
in  a  direction  at  right  angles  to  the  body. 

Thus,  if  its  spherical  form  before  the  blow  be  represented  inj^. 
81.,  and  if  D  c  be  the  diameter  which  is  in  the  direc- 
tion of  the  impact,  c  being  the  point  at  which  the  im- 
pact takes  placCf  and  A  B  be  the  diameter  at  ridit 
angles  to  D  c,  then  the  body  at  the  moment  of  receit- 
ing  the  force  of  impact  will  take  an  oval  form  repre- 
sented in^.  32.,  the  diameter  A  B  will  be  elongatedy 
and  D  c  contracted  by  the  force  of  the  impact.  But 
the  body;  by  force  of  its  elasticity,  will  make  an  eibrt 
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er  its  figure,  and  tbe  point  c  will  react  upon  the  surfaoe 
stiikes,  and  by  that  effort  the  body  will  recoil ;  beoanae  the 
diameter  d  c,  in  ita  effort  to  recover  ita  origiDal 
B  length,  will  press  the  matter  of  the  body  against 

pN.       the  hard  sur&ce  at  0,  and  this  pressure  being  le- 
"~p^   sisted  will  cause  the  body  to  rebound. 
I —  214.  Perfect  and  imperfect  eloMlicity. — K  the 

38.  elasticity  of  the  body  be  perfect,  the  force  with 
which  the  spherical  figure  is  restored  will  be  equal 
rith  which  it  has  been  compressed  into  an  ellipse,  and  this 
ng  resisted  by  the  surfSsuse,  Uie  body  will  rebound  with  the 
oe  aa  that  with  which  it  struck  it  But  if  the  elasticity  of 
r  be  imperfect,  then  the  restoring  force  will  have  less  in- 
han  the  compressing  force,  and  the  body  will  rebound  with 
s  than  that  with  which  it  struck  the  surnoe. 
Rebound  of  an  ivory  hall, — K  an  ivory  ball,  a  substance 
osseases  elasticity  in  a  high  degree,  be  dropped  upon  any 
1  smooth  surfiuse  which  is  level,  it  will  rise  vety  nearly  to 
lit  from  which  it  was  dropped.  It  would  rise  exactly  to  that 
mi  for  two  causes :  first,  the  want  of  perfect  elasticity;  and, 
,  tlie  resbtance  of  the  air. 

Oblique  impact  of  an  elastic  body. — When  an  elastic  bod^ 
k  surfiioe  in  a  direction  not  perpendicular  to  that  surface,  it 
reflected  in  another  direction,  which  will  depend  partly  on 

the  direction  in  which  it  strikes 
the  sur&ce,  and  partly  on  the 
degree  of  elasticity  of  the 
striking  body.  Let  AB  (Jig, 
83.)  be  the  surface,  and  let  the 
body  be  supposed  to  strike  it  at 
c,  haying  moved  in  the  direc- 
tion DC;  and  let  us  first  sup- 
pose that  the  body  is  perfectly 
elastic.  The  force  of  the  im- 
pact at  0  being  represented  by 
OE,  may  be  resolved  into  two 
Fig.  33.  forces,  o  9  perpendicular  to  the 

surface  A  B,  and  o  a  parallel  to 
)  may  therefore  suppose  the  ball  at  o  to  be  affected  by  two 
roes.  Now,  since  the  ball  is  supposed  perfectly  elastic,  the 
ent  c  r  will  cause  a  rebound  in  the  direction  of  o  ?'  equal  to 
e  c  F.  If,  therefore,  we  take  c  f'  equal  to  o  F,  the  body  will, 
e  impact,  be  affected  by  two  forces,  o  a  in  the  direction  of  the 
and  c  f'  perpendicular  to  it,  and  it  will  accordingly  move  in 
fomBl  0  k'  of  the  puallelograin  of  which  0  f'  and  o  a  are 
bat  this  paraUelc^g^ram  h^ff  in  eyery  respect  eqM  to  th» 
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parallelogram  o  f  e  G;  the  angle  formed  by  o  e'  with  the  sar&oe  CB 
will  be  equal  to  the  angle  formed  bj  o  E  and  0  D  with  the  same  sur- 
face. Hence  it  appears,  that  in  this  case  the  body  will  be  reflected 
from  the  surface  which  it  strikes  at  the  same  ansle  as  that  with 
which  it  strikes  it;  that  is  to  say,  the  angle  D  o  A  wiU  be  equal  to  the 
angle  £'  c  b. 

217.  When  the  striking  body  is  perfectly  elastic,  the  angles  of 
incidence  and  reflection  are  equal.  —  This  principle  is  usiudly  an- 
nounced thus :  When  a  perfectly  elastic  body  strikes  a  hard  Boxtut 
and  rebounds  from  it,  the  angle  of  incidence  will  be  equal  to  the 
angle  of  reflection,  and  these  angles  will  be  in  the  same  plane. 

By  the  angle  of  incidence  is  understood  the  angle  which  the  di^e^, 
tion  D  c  of  the  original  motion  of  the  ball  forms  with  the  peipendio-' 
ular  0 1  to  the  surface  struck;  and  by  the  angle  of  reflection  is  under- 
stood that  which  the  direction  o  £',  in  which  the  body  recoilsi  forms 
with  the  same  perpendicular. 

218.  When  the  striking  body  is  imperfectly  elastic,  the  angle  of 
incidence  is  less  than  the  angle  of  reflection.  —  But  if  the  body 
which  struck  the  hard  surface  be  imperfectly  elastic,  then  the  ttncai 
produced  by  the  component  o  f  (flg.  34.),  perpendicular  to  Uie  sor- 

fiioe  0  B,  wiU  be  less  than  the  foree 
with  which  the  body  strikes  the  8m<- 
fiice  at  c.  The  line  o  f',  therefore, 
which  represents  this  force  of  leeaHf 
will  be  less  than  c  F,  and  the  pval- 
lelogram  c  f'  e'  o,  while  it  has  the 
side  c  Q  in  common  with  the  pard- 
lelogram  c  F  £  o,  has  the  side  c  t 
less  than  c  F.  Consequently  it  is  ob- 
vious that  the  angle  which  c  s'  maker 
with  the  perpendicular  ci  will  be 
Fig.  34.  greater  than   the  angle  which  D  C 

makes  with  the  same  perpendicular. 
This  principle  is  announced  thus :  When  a  body  imperfectly  elastic 
strikes  a  hard  surface,  the  angle  of  incidence  will  be  less  than  the 
angle  of  reflection,  and  the  difference  between  these  angles  will  be 
greater,  the  more  imperfect  is  the  elasticity  of  the  body. 

219.  The  laws  of  motion.  —  Before  the  true  principles  of  induc- 
tive science  were  so  well  understood  and  so  generally  admitted  u 
they  are  at  present,  the  exposition  of  the  property  of  inertia,  and  of 
its  most  important  consequences,  was  cn^bodicd  by  Newton  in  thiee 
formukries,  called  by  him  the  laws  of  motion,  which  have  attained 
great  celebrity  in  the  history  of  mechanical  science,  although  these 
fnechanieal  maxims  have  lost  much  of  their  importance  by  the  moR 
general  diffusion  of  correct  principles  of  physic^  science;  they  vn, 
iiereiibeless,  entitled  to  notice,  and  ought  to  be  registered  in  the  me> 
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niaiy  of  all  siiidentB,  were  it  only  for  their  illustrioas  origin,  and  to 
eommemoimte  the  difficulty  which  the  true  principles  of  induction  had 
to  Btruggle  againat  in  the  extermination  of  the  errors  of  the  old  phi- 
losophy.    TEmo  laws  of  motion  are  announced  as  follows :  — 

FIRST   LAW. 

Every  body  must  persevere  in  its  state  of  rest,  or  of  uniform  mo- 
tion in  a  straight  line,  unless  it  be  oompelled  to  change  that  state  by 
ibice  impressed  upon  it 

SECOND  LAW. 

Every  change  of  motion  must  be  proportional  to  the  impressed 
foroe,  ud  must  be  in  the  direction  of  that  straight  line  in  which  the 
ibroe  is  impressed. 

THIRD  LAW. 

Action  must  always  be  equal  and  contrary  to  reaction;  or  the 
actions  of  two  bodies  upon  each  other  must  be  equal,  and  their  direo- 
tioQS  must  be  opposite. 

220.  Meaning  of  thete  lawi.  —  The  first  of  these  propositions  is 
little  more  than  a  definition  of  the  quality  of  inertia. 

The  terms  in  which  the  second  is  expressed  require  qualification 
and  explanation,  without  which  they  might  be  subject  to  erroneous 
interpretation. 

If  a  body  be  at  rest,  it  is  true  that  every  motion  it  receives  must 
bo  proportional  to  and  in  the  direction  of  the  force  impressed,  that  is, 
of  Uie  force  which  produces  the  motion ;  but  if  a  body  bo  already  in 
motion  in  one  direction,  and  receive  a  force  in  another  direction,  then 
the  new  direction  which  the  body  takes  will  not  be  In  the  direction 
of  the  force  impressed,  nor  proportional  to  it,  but  will  be  in  the  direc- 
tion of  the  diagonal  of  a  parallelogram,  one  side  of  which  represents 
the  force  with  which  the  body  previously  moved,  and  the  other  the 
new  force  which  is  impressed  upon  it.  This  has  been  already  fully 
explained. 

In  the  third  law,  the  word  action  means  the  moving  force  which 
one  body  receives  when  another  acts  upon  it,  and  the  word  reaction 
means  the  moving  force  which  the  latter  loses  in  consequence  of  com- 
municating force  to  the  former. 

The  eqiudity  of  action  and  reaction  is,  therefore,  subject  to  the  same 
qualification  as  must  be  given  to  the  terms  of  the  second  law  of 
motion. 

Both  propositions  are  literally  true  only  when  the  two  motions  in 
question  are  directed  in  the  same  straight  line.  When  they  are 
directed  in  different  straight  lines,  then  the  proposition  mu^tt  be  in- 
terpreted by  the  principles  of  the  composition  of  forces,  as  already 
explained. 


104  OF  FORCE  AND  MOTION. 

221.  Jilaximy  that  tlicre  is  always  Uie  satne  quantity  of  moiion  ta 
the  world,  erplained.  —  The  consequence  of  the  eqnality  of  action 
and  reaction,  combined  with  what  has  been  explained  respecting  the 
indestructibility  of  matter  in  a  former  chapter,  have  led  some  philo- 
sophers to  the  adoption  of  the  startling  physical  dogma,  that  there 
has  been,  and  must  be  always,  the  same  quantity  of  matter  and  the 
same  quantity  of  motion  in  the  world ;  in  other  words,  that  nothing 
short  of  divine  agency  can  create  or  destroy  either  the  smallest  por- 
tion of  matter  or  the  smallest  moving  force.  So  far  as  this  applies 
to  matter,  it  has  been  already  explained;  bat  a  few  words  may  be 
useful  to  elucidate  the  import  of  this  maxim  as  applied  to  moving 
force  or  momentum,  as  it  may  naturally  be  objected,  that  as  all  crea- 
tures endowed  with  animal  life  have  the  power  of  spontaneous  mo- 
tion, how  can  it  with  truth  be  said  that  there  is  always  the  same  qnaii- 
tity  of  moving  forcd  in  the  world  ? 

222.  Cannot  a  living  agent  produce  new  motions  f — ^Must  not  an 
animal,  who  by  the  act  of  its  will  puts  its  body  in  progrcssiYe  motion 
from  one  place  to  another,  and  aflber  a  time  by  another  act  of  its  will 
causes  this  motion  to  cease,  first  create  a  new  motion,  and  then  de- 
stroy it  ?  Is  there  not  in  such  a  power  manifest  oontradiction  to  the 
maxim  which  states  that  there  is  always  the  same  quantity  of  mov- 
ing force  in  the  world ;  for  while  the  animal  is  in  motion,  is  then 
not  the  momentum  of  the  mass  of  its  body  in  existence,  which  did 
not  exist  before  it  began  to  move  ?  and  b  not  thb  momentum  de- 
stroyed when  it  ceases  to  move  ? 

223.  Spontaneous  motion  of  an  animal  explained,  —  Let  us  ex-  , 
amine  what  takes  place  in  such  cases.     If  an  animal  commence  tc 
move  its  own  body  on  the  surface  of  the  earth  in  any  given  directioni 
it  obtains  its  progressive  motion  by  the  action  of  its  feet  upon  the 
ground. 

Between  the  mass  of  the  body  of  the  animal  and  the  earth  on 
which  it  treads,  there  is  therefore  an  action  and  reaction,  which  are 
equal  and  opposite.  Whatever  moving  force  the  body  of  the  animl 
acquires  in  one  direction,  the  earth  loses  in  the  other;  and  thereibn 
the  animal  may  be  considered  as  robbing  the  earth,  so  to  speak,  of 
the  moving  force  which  its  body  gains. 

But  when  the  animal,  after  moving  to  the  desired  point,  brings  his 
body  to  rest,  there  is  another  action  upon  the  earth.  His  body  is 
deprived  of  the  momentum  which  it  had  acquired  by  the  action  of 
the  feet  upon  the  ground,  so  that  the  momentum  with  which  the 
ma.<3s  of  its  body  moved  is  now  imparted  to  the  earth,  gradually,  as 
his  motion  is  retarded,  and  altogether  when  he  comes  to  rest.  It 
therefore  appears,  that  the  animal  takes  from  the  earth  his  progres-. 
sivc  momentum  when  he  begins  to  move,  and  returns  it  to  the  earth 
when  he  comes  to  rest. 

224.  Case  of  the  motion  of  a  railway  train  explained. — ^If  a  nit 
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r»j  tnin,  weighing  100  tons,  be  started  from  a  state  of  rest  by  a 
Komotm  engine,  and  attain  a  velocity  of  50  miles  an  hour,  it  will 
sTe  aoqfured  a  certain  moving  force  of  100  tons,  moving  at  73  J  feet 
er  seomd,  which  is  equivalent  to  a  mass  of  7,333 1  tons,  moving  at 
be  nie  of  one  foot  per  second.  Now  this  momentum  is  obtained  by 
be  aetion  of  the  driving-wheels  of  the  engine  on  the  rails,  produced 
y  the  force  of  the  steam. 

This  action  is  attended  with  an  equal  and  opi)osite  reaction  upon 
he  rail,  and  through  the  rail  upon  the  earth.  The  earth,  therefore, 
ij  tins  reaction,  loses  as  much  momentum  in  the  direction  in  which 
he  train  moves  as  the  train  gains ;  therefore  the  earth  loses,  in  this 
ue,  a  momentam  equal  to  7,333  J  tons  moved  one  foot  per  second, 
rfaich  momentam  the  train  has  acquired. 

Now,  when  the  same  train  is  about  to  stop,  the  moving  force  which 
i  possesses  is  imparted  to  the  rails,  as  it  must  be  by  the  resistance  of 
Ike  nils  on  the  wheels  that  the  train  is  brought  to  rest.  The  rails 
tkaeforo  in  this  case,  and  with  them  the  earth,  receive  back,  CTa- 
lolly,  its  moving  force,  as  the  train  is  gradually  stopped ;  and  when 
the  tfun  has  been  brought  to  actual  rest  upon  the  rails,  its  entire 
Boving  foircey  equal  to  7,333  J  tons  moving  one  foot  per  second,  is 
mtned. 

225-  The  earth  a  great  reservoir  of  momentum, — It  appears,  there- 
ibie,  that  the  earth  may  be  regarded  as  a  great  reservoir  of  momen- 
tam as  it  b  a  great  reservoir  of  matter,  and  that  a  moving  force, 
which  by  any  action  whatever,  whether  mechanical  or  vital,  which  is 
produced  upon  it,  must  be  borrowed  from,  and  will  be  restored  to  it 
when  such  moving  force  ceases.  The  analogy,  therefore,  of  matter 
nd  momentum  is  complete,  and  the  maxim  above  mentioned  must 
be  accepted.  As  all  apparently  new  bodies  must  be  composed  of 
oaterials  derived  from  the  earth,  and  as  all  bodies  apparently  de- 
itroyed  are  merely  decomposed,  and  their  atoms  return  to  the  com- 
noD  stock  of  matter  which  constitutes  the  globe,  so  all  momenta 
most  be  obtained  from  the  common  reservoir  of  forces  in  the  earth 
tod  restored  to  it. 

226.  Would  spontaneous  progressive  motion  he  possible  in  the  ab- 
sence of  a  mass  like  the  earth  to  react  upon  ?  —  But  perhaps  another 
objection  may  be  raised  in  the  minds  of  some  to  this  reasoning.  1\> 
may  be  asked,  whether,  if  the  body  of  a  man  or  animal,  endued  with 
life,  could  be  imagined  to  bo  suspended  in  space,  out  of  contact  with 
the  earth,  could  not  such  man  or  animal,  by  the  act  of  its  will,  put 
iU  body  in  progressive  motion  ?     We  answer  at  once  in  the  negative 

Any  attempt  to  move  the  limbs  would  produce  in  the  body  of  such 
animal  an  equal  action  and  reaction.  If  any  limb  were  projected 
with  any  given  force,  a  reaction  would  take  place  in  other  parts  of 
the  body,  which  would  he  projected  b&ckwarda  with  the  same  ioKC, 
aod  the  general  maaa  of  the  body  would  have  no  progressive  mol\oXi. 
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fore  has  a  tendency  to  make  all  these  particles  move  with  equal  yfith 
cities,  and  in  parallel  lines  perpendicular  to  the  sar&ce. 

It  is  easily  conceived  that  if  two  leaden  balls  of  equal  magnitude 
be  phiced  side  by  side  at  the  same  height^  they  will  fill  together 
with  the  same  velocity  to  the  surfEusC;  and  strike  the  earth  at  the 
same  moment  side  by  side.  Now^  if  the  matter  of  these  two  balii 
be  moulded  into  a  single  ball,  the  effect  will  remain  the  same,  sinee 
their  form  cannot  affect  the  operation  of  gravity  upon  them. 

In  the  same  manner,  if  ten  or  a  hundred  leaden  balls  of  eonil 
magnitude  be  disengaged  together,  they  will  &11  together;  and  if 
they  be  moulded  into  one  ball  of  great  magnitude,  it  will  still  fall  in 
the  same  manner.  Hence  it  follows  that  masses  of  matter,  however 
they  may  vary  in  magnitude  and  weight,  will  descend  to  the  surfiux 
of  the  earth  with  the  same  velocity,  and  if  they  fall  from  the  same 
height  will  arrive  at  the  surface  of  the  earth  in  the  same  time,  pro- 
vided they  be  affected  by  no  other  force  but  that  of  gravity. 

235.  Ejects  apparently  incompatible  with  this  explained. — 
There  are  some  circumstances  developed  in  the  fall  of  bodies,  and  the 
efiects  of  the  resistance  of  the  air  upon  them,  which  are  apparentlj 
incompatible  with  what  has  been  just  stated.  If  a  feather  and  » 
leaden  ball  suspended  at  the  same  height  be  disengaged,  it  is  evident 
that  they  will  not  fall  with  the  same  velocity.  The  leaden  ball  will 
be  propelled  with  a  rapidity  much  greater  than  that  which  affects  the 
feather.  But  in  this  case  the  operation  of  gravitation  is  modified  bj 
the  resistance  of  the  air,  which  is  much  greater  upon  the  feather  than 
upon  the  leaden  ball.  That  two  such  bodies  would  descend  with  the 
same  velocity  if  relieved  from  the  interference  of  the  air,  may  be 
shown  by  the  experiment  which  is  familiarly  known  as  that  of  ih$ 
guinea  and  feather. 

236.  Guinea  and  feather  experiment.  —  Let  a  glass  tubcy  AB 
(Jig.  35.),  of  wide  bore,  as,  for  example,  three  or  four  incheSi  and 
of  five  or  six  feet  in  length,  be  closed  at  one  end,  B,  and  sopplied 
with  an  air-tight  cap  and  stop-cock  at  the  other  end,  A.  The  cap 
being  unscrewed,  let  small  pieces  of  metal,  cork,  paper,  and  feathen^ 
bo  put  into  it,  the  cap  screwed  on,  and  the  stop-cock,  dosed.  Left 
the  tube  be  rapidly  inverted,  so  as  to  let  the  objects  included  ftU 
from  end  to  end  of  the  tube.  It  will  be  found  that  the  hesfier 
objects,  such  as  the  metal,  will  fall  with  greater,  and  the  lighter 
with  less  speed,  as  might  be  expected.  But  that  this  difference  of 
velocity  in  falling  is  due,  not  to  any  difference  in  the  operation  of 
gravity,  but  to  the  resistance  of  the  air,  is  proved  in  the  foUov- 
ing  manner.  Let  the  stop-cock  be  screwed  upon  the  plate  of  an 
air-pump,  the  cock  being  open,  and  let  the  tube  bo  exhausted. 
Let  the  cock  then  be  closed,  and  unscrewed  from  the  plate.  On 
rapidly  inverting  the  tube,  it  will  then  be  found  that  the  feathen 
wi])  he  precipitated  from  end  to  end  as  rapidly  as  the  metdj  and 
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ahort^  all  the  objects  will  fall  together  vith  a  common 
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237.  Weight  of  bodies  proportional  to  their  quanti- 
ties of  matter, — Since  the  attraction  of  the  earth  acts 
eqnafij  on  all  the  component  parts  of  bodies,  and  since 
the  aggregate  forces  produced  by  such  attraction  con- 
stitute what  is  called  the  weight  of  the  body,  it  is  clear 
that  the  weights  of  bodies  must  be  in  the  exact  propor- 
tion of  the  number  of  particles  composing  them,  or  of 
their  quantity  of  matter. 

Hence,  in  the  common  affairs  of  commerce,  the  quan- 
tities of  bodies  are  estimated  by  their  weights. 

It  will  appear,  hereafter,  that  the  weight  of  a  body, 
or  the  force  with  which  it  is  attracted  to  the  surface,  is 
slightly  different  in  different  places  upon  the  earth ;  but 
this  is  a  point  which  need  not  be  insisted  on  at  present. 
At  the  same  place  the  weights  are  inyariably  and 
exactly  proportional  to  the  quantities  of  matter  com- 
posing the  bodies.  If  one  body  have  double  or  triple 
the  weight  of  another,  it  will  have  double  or  triple  the 
quantity  of  matter  in  the  other. 

288.  Motion  of  a  falling  body  accelerated. — It  is 
not  enough  for  the  purposes  of  science  to  know  merely 
the  direction  of  the  motion  which  gravity  impresses 
upon  bodies ;  we  require  to  know  whether  the  motion 
be  one  having  a  uniform  velocity ;  or,  if  not,  in  what 
Fig.  35.     manner  does  Sie  velocity  of  the  falling  body  vary  ? 

If  a  man  leap  from  a  chair  or  table,  he  will  strike 
th^  ground  inthout  injury.  If  the  same  man  leap  from  a  house-top, 
be  will  probably  be  destroyed  by  the  fall.  These,  and  innumerable 
Bunilar  efiects,  indicate  that  the  force  with  which  a  body  strikes  the 
ground  b  augmented  with  the  height  from  which  it  falls.  Now,  as 
uiis  force  depends  on  the  velocity  of  the  body  at  the  moment  it 
touches  the  ground,  it  follows  that  the  velocity  of  the  fall  is  aug- 
mented with  the  height 

In  shorty  when  a  body  is  disengaged  and  allowed  to  descend  in 
obedience  to  gravity,  its  velocity  is  gradually  accelerated  as  it  de- 
scends. Meteoric  stones  which  descend  from  the  upper  regions  of 
the  atmosphere,  strike  the  earth  with  such  force  that  they  are  often 
known  to  penetrate  in  it  a  considerable  depth. 

239.  Force  of  fall  not  proportional  to  height. — It  might  be 
naturally  enough  conjectured,  that  the  force  with  which  a  body 
strikes  the  earth  is  proportional  to  the  height  from  which  it  has 
fallen ;  and  such  an  illustration  has  been  accordingly  used  by  orators 
in  spring  of  the  severity  of  censure  proceeding  from  high  quar 
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ton ;  but^  like  many  other  ornaments  of  eloquence  drawn  from  pbjri* 
oal  science,  this  is  erroneous. 

The  force  of  the  fall  is  not,  as  we  shall  now  show,  proportional  to 
the  height  from  which  the  body  has  descended.  A  body  falling  from 
a  double  height  does  not  strike  the  ground  with  a  doable  force. 

240.  Analysis  of  the  motion  of  a  falling  body. — When  a  body, 
Buoh,  for  example,  as  a  leaden  ball,  is  disengaged  at  any  height,  and 
delivered  to  the  action  of  gravitation^  the  effect  of  this  force  upon  it 
is  to  impart  to  it  a  certain  velocity. 

Now  it  is  evident  that  the  quantity  of  velocity  which  the  attrao* 
tion  of  the  earth  gives  to  the  ball  in  one  second  of  time  most  be 
equal  to  the  force  which  it  would  give  to  it  in  another  second  of 
time. 

Let  us  suppose,  for  example,  that  a  moveable  stage  8  (JSg.  86.)  if 
attached  to  a  wall  or  pillar,  and  is  so  adjusted  that  the  ball  disen- 
gaged at  B  shall  arrive  upon  the  stage  8  precisely  at  the  terminatiaa 
of  one  second.  The  body  will  then  strike  the  stage  with  a  oertain 
force. 

Let  another  stage  s'  bo  placed  at  the  same  distance  from  8  afl  B  is 
horn  B.     K  the  ball,  having  been  brought  to  rest  by  the  stage  8,  if 
^         again  disengaged,  it  will  strike  the  stage  s'  at  the  eoA 
*-*    of  another  second,  and  with  the  same  force;  and  if  the 
stage  s"  be  fixed  at  an  equal  distance  below  s',  the  ball, 
having  been  brought  to  rest  at  s',  and  then  disengaged, 
will  strike  the  stage  a"  at  the  end  of  the  third  seoondy 
.^  3    and  with  equal  force. 

In  this  case  we  have  supposed  that  while  the  ball  de- 
scends, the  velocity  it  has  acquired  at  the  end  of  each 
successive  second  is  destroyed  by  the  resisCance  of  the 
stages  s,  s',  and  s",  &c.     But  suppose  that  on  arriving 
—  8'  at  s,  at  the  end  of  the  first  second,  the  body  was  not 
deprived  of  the  velocity  it  had  acquired,  but  allowed  to 
retain  it  in  its  descent,  the  retention  of  this  relocitj 
would  not  in  the  slightest  degree  prevent  the  action  of 
=»  S'  gravity  in  imparting  to  it  an  equal  quantity  of  velocity 
in  the  second  second;  therefore  at  the  end  dT  the  second 
second  the  body  would  have  the  velocity  with  which  it 
struck  the  stage  »,  in  addition  to  the  velocity  which  it 
had  acquired  at  the  end  of  the  second  second.     In  the 
second  second,  therefore,  the  body  would  descend  throogh 
a  much  greater  space  than  s  s',  and  at  its  termination 
Fig.  36      would  have  a  velocity  double  that  which  it  had  at  the 
end  of  the  first  second.     In  like  ro«inner,  if  the  velocity 
acquired  in  the  second  second  were  not  destroyed  by  the  stage  s',  the 
body  would  at  the  end  of  the  third  second  possess  this  velocity,  in 
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addition  to  the  Telocity  which  would  be  imported  to  it  by  the  action 
of  graTity  in  the  third  second. 

In  fine,  it  follows  that  the  action  of  gravitation  imparts  to  a  de- 
scending body  a  certain  velocity  in  every  successive  second  of  time 
during  its  action;  and  consequently^  the  velocity  which  a  falling  body 
has  at  the  end  of  ton  or  twenty  seconds,  is  exactly  ten  or  twenty 
times  the  velocity  it  had  at  the  end  of  one  second. 

241.  Velocity  acquired  by  a  falling  body  augments  with  the  time 
of  the  fall, — This  principle,  in  \'irtue  of  which  the  velocity  imparted 
by  gravity  to  falling  bodies  accumulates  in  them,  is  expressed  as 
follows : — 

The  velocity  acquired  by  a  body  in  descending  by  the  force  of  gra- 
vity t  increases  in  proportion  to  the  time  of  the  fall, 

242.  Uniformly  accelerated  motion  and  uniformly  accelerating 
force.  —  A  motion,  the  velocity  of  which  is  thus  augmented  in  pro- 
porUon  to  the  time  counted  from  its  commencement,  is  called  uni- 
fbrmhf  accelerated  motion,  and  the  force  which  produces  such  a 
motion  is  called  uniformly  accelerating  force. 

Gravity,  therefore,  acting  on  bodies  near  the  surface  of  the  earth, 
is  a  uniformly  accelerating  force. 

Since  a  body  in  falling  moves  with  a  velocity  gradually  and  uni- 
formly accelerated,  its  average  or  mean  velocity  will  be  that  which  it 
had  precisely  at  the  middle  point  of  the  interval  which  chipses  during 
its  falL  Thus,  if  a  body  fall  during  ten  seconds,  the  average  speed 
will  be  that  which  it  had  at  the  end  of  the  fifth  second.  This  is  evi- 
dent, inasmuch  as,  the  speed  imparted  in  each  successive  second 
being  the  same,  the  average  of  all  the  speeds  at  the  end  of  each  num- 
ber of  seconds,  counted  from  the  commencement,  will  necessarily  be 
that  which  it  had  at  the  middle  point  of  the  time. 

It  follows  from  this  also,  that  the  final  speed  acquired  by  a  body 

at  the  end  of  any  time  will  be  double  the  average  speed  counted 

from  the  commencement  of  its  fiill.     This  is  evident,  since,  the  velo- 

.  city  being  proportioned  to  the  time,  the  final  speed  is  necessarily 

'  double  that  which  is  acquired  in  half  the  time,  which  is,  as  has  been 

just  shown,  the  average  speed. 

243.  Ji  body  falling  during  any  time  acquires  a  speed  which 
would  in  the  same  time  carry  it  over  twice  the  space  through  which 
it  has  fallen. — It  follows  from  this  also,  that  if  a  body  were  to  move 
with  its  final  velocity  continued  uniformly,  it  would,  in  a  time  equal 
to  that  of  the  fall,  move  over  a  space  equal  to  double  that  through 
which  it  had  fdlen;  for  the  final  speed  being  double  the  average 
speed,  the  space  described  with  the  former  will  be  double  the  space 
described  with  the  latter  in  the  same  time. 

To  obtain  a  more  exact  estimate  of  the  manner  in  which  the  de- 
scent of  a  heavy  body  is  accelerated,  it  will  be  useful  to  investigaUi 
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the  spaces  through  which  a  bod}'  moves  in  its  descent  during  eveiy 
successive  second  of  time. 

244.  Analysis  of  the  heights  fallen  through  in  suecessiw  seconds.— 
Let  us  express  by  u  the  height  through  which  a  body  ^Is  from  a  state 
of  rest  in  one  second.  At  the  end  of  such  second,  the  body  has  s^ 
quired  a  velocity,  in  virtue  of  which  it  would,  in  another  second, 
without  the  further  action  of  gravity,  move  through  a  space  2  H ;  bat 
during  the  next  second  gravity  would  cause  the  body  to  descend 
through  another  space  equal  to  u,  supposing  it  to  move  from  a  state 
of  rest.  Therefore  during  the  next  second  the  body  is  moved  throogh 
a  space  equal  to  three  times  H ;  that  is  to  say,  twice  H  in  virtue  of 
the  velocity  acquired  at  the  end  of  the  first  second,  and  a  space  H  in 
virtue  of  the  action  of  gravity  upon  it  during  the  next  second. 

Let  us  now  consider  the  motion  of  the  body  during  the  third  se- 
cond. At  the  end  of  the  second  second,  the  body  having  fallen 
through  a  height  expressed  by  4  n,  has  acquired  a  velocity  in  virtoe 
of  which,  without  any  further  action  of  gravity,  it  would  move  through 
a  space  equal  to  8  times  ii  in  two  seconil:",  and  4  times  n  in  one  se- 
cond ;  but  in  addition  to  this  gravity  also,  iu  the  third  second,  would 
move  it  through  a  space  ii ;  and  from  these  two  effects  combined,  the 
body  in  the  third  second  would  descend  through  a  space  expressed  bj 
5  II.  But  we  have  seen  that  in  the  first  two  seconds  it  has  fallen 
through  a  space  expressed  by  4  ii,  and  therefore  at  the  end  of  the 
third  second  it  will  have  fallen  through  a  height  from  the  state  cf 
rest  expressed  by  9  n. 

Pursuing  its  course  further,  we  find  that  it  begins  its  motion  dming 
the  fourth  second  with  a  velocity  such  as  would  make  it,  in  three  m- 
couds,  without  the  further  aid  of  gravity,  move  through  a  space  equal 
to  double  that  which  it  had  fallen  through  from  a  state  of  i-est,  thtt 
is  to  say,  18  ii;  consequently,  with  this  velocity,  it  would  more  in 
the  fourth  second  through  a  space  equal  to  6  ir ;  but,  in  addition  to 
this,  the  action  of  grandly  carries  it  in  the  fourth  second  through  the 
space  u,  and  by  these  combined  effects  it  nmst  move  in  this  second 
through  a  space  equal  to  7  it.  In  the  same  manner,  it  may  be  shown 
that  the  space  through  which  it  moves  in  the  fifth  second  is  9  H, 
while  the  space  through  which  it  moves  in  the  first  five  seconds  is  25 
n ;  and  the  space  through  which  it  moves  in  the  sixth  second  is  11 H, 
while  the  space  through  which  it  descends  from  a  state  of  rest  in  the 
first  six  seconds  is  36  H ;  and  so  on.. 

245.  Tabular  analysis  of  the  motion  of  a  falling  body.  —  In  the 
following  table  is  expressed,  in  the  first  column,  the  number  of  se- 
conds, or  other  equivalent  intervals  of  time,  counted  from  the  com- 
mencement of  the  fall.  In  the  second  column  is  exhibited  the  space 
through  which  the  falling  body  moves  in  each  successive  intexral,  the 
unit  being  understood  to  express  the  space  through  which  a  body  &lb 
in  the  Brst  second  of  time.     In  the  third  column  is  ezpreosed  the 
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TcLxritj  which  the  bodj  has  acquired  at  the  end  of  each  interval,  counted 
from  the  commencement  of  the  fall,  and  expressed  by  the  space  wliich, 
if  such  velodtj  continued  uniformlj,  the  body  would  dcHcribe  in  one 
second.  In  the  fourth  column  is  expressed  the  total  heiglits  from 
which  the  body  falls  firom  a  state  of  rest  to  the  end  of  the  time  ex- 
pressed in  the  first  column. 

Tabular  Analysis  op  thk  Motion  op  a  Falling  Body. 


1 

1  5unber  of  Secondi 

h  Uw  Fall,  «>ant«a 

fanaSUteof 

KcsL 

SpaoMfUlm 
tliTOUffh  in  earh 

Velodtie*  acnaln^ 

at  the  End  of 

Nnmber  of  Second* 

expnwMd  In  FInt 

Cktlumn. 

Total  irel;rht  fallen 

ttirouKh  frtiiii  Ko-t 

In  the  NuuiU>ror 

8e(X>ndo  exprosxiil  iu 

linrt  Column. 

1 

1 

2 

1 

2 

8 

4 

4 

8 

6 

6 

9 

4 

7 

8 

16 

5 

9 

10 

25 

6 

11 

12 

36 

7 

18 

14 

49 

8 

15 

16 

64 

9 

17 

18 

81 

10 

19 

20 

100 

Although  all  the  circumstances  attending  the  descent  of  k)dics 
Wling  freely  are  included  with  arithmetical  precision  in  the  above 
table,  we  may  nevertheless  render  it  more  easy  to  obtain  a  clear  con- 
ception of  these  important  physical  phenomena  by  the  annexed  dia- 
nim  {Jig.  37.),  in  which  the  divided  scale  represents  the  vertical 
fine  along  which  the  body  is  supposed  to  fall,  o  oeing  the  point  from 
which  it  commences  its  descent.  The  points  which  it  successively 
puaes  at  the  termination  of  1,  2,  3,  4,  5,  6,  and  7  seconds  respec- 
tirely  are  marked  i,  ii,  iii,  IV,  v,  VI,  vii.  The  figures  of  the  scale 
hidicate  the  total  heights  through  which  the  body  has  fallen  at  the 
end  of  each  successive  second,  the  unit  being  the  height  through 
which  the  body  falls  in  the  first  second.  The  spaces  included  be- 
tween brackets  on  the  right  of  the  diagram  are  those  through  which 
the  body  falls  in  each  successive  second.  It  will  then  be  appureut, 
first,  that  the  body  is  accelerated  in  its  motion,  inasmuch  as  the  spaces 
through  which  it  fjdls  in  each  successive  second  are  evidently  iiicreas- 
hig ;  secondly,  that  the  space  through  which  it  falls  in  any  number 
of  seconds  is  expressed  by  the  6f[uare  of  this  number,  the  unit  being 
the  space  fallen  through  in  the  first  second ;  thirdly,  that  the  spaces 
£illen  through  in  each  successive  second  are  expressed  by  the  odd 
numbers  wiw  reference  to  the  same  unit 
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A  direct  experimental  verification  of  the  resulfii 
exhibited  in  the  preceding  table  and  diagram,  would 
be  attended  with  several  practical  diffioultics.  The 
heights  throngh  which  a  body  falls  by  gravity,  act- 
ing freely  in  several  seconds,  are  considerable,  and 
a  great  velocity  is  soon  acquired.  The  resistanoB 
of  the  air  disturbs  the  result,  and  some  difficul^ 
would  be  found  in  observing,  with  sufficient  preci- 
sion, the  points  at  which  tbo  falling  body  wodd  be 
found  at  each  successive  second  of  time. 

246.  Atlwood's  machine  for  illustrating  experi- 
mentally the  phenomena  of  falling  bodies. — Thia 
and  other  practical  difficulties  have,  however,  been 
surmounted  by  a  beautiful  and  useful  experimental 
apparatus,  called  from  its  inventor  "  Attwood's  ma- 
chine." By  this  apparatus,  the  intensity  of  the  force 
of  gravity  can  be  diminished  in  any  desired  propON 
tion  without  divesting  it  of  any  of  its  characters  of  a 
uniformly  accelerating  force.  Thus  we  can  make  the  - 
falling  body  descend  at  so  moderate  a  rate,  that  the 
effiict  of  the  atmospheric  resistance  becomes  imper- 
ceptible, and  the  height,  and  all  the  circumstances 
attending  the  fall,  can  be  observed  with  the  greatest 
precision. 

This  contrivance  consists  of  two  equal  cylindrical 
weights,  w,  w'  (^fg'  38.),  connected  by  a  fine  silken 
thread,  which  passes  in  a  groove  over  a  nicely-con- 
structed wheel  R,  turning  on  a  horizontal  axis,  so  as 
to  be  subject  to  an  imperceptible  friction.  This 
wheel,  and  the  stand  which  supports  it,  are  placed 
upon  a  bracket  A  B,  attached  to  a  wall,  or  supported 
on  a  pillar,  at  a  convenient  height.  Adjacent  to 
the  thread  supporting  one  of  the  weights  W,  there  is 
a  divided  vertical  s(^e,  by  which  the  circumstaDces 
attending  the  descent  of  the  weight  can  be  noticed 
and  measured.  When  the  weight  w  is  brought  to 
the  highest  point  of  the  scale,  the  weight  w'  will  be 
near  the  ground ;  but  the  weight  of  the  thread  is  so 
insignificant,  that  though  unequal  portions  of  it 
hang  on  each  side  of  the  wheel  B,  the  difference  of 
Fig.  37.  their  weights  produces  no  perceptible  effect-,  and, 
accordingly,  the  two  equal  weights  W  w'  rest  in  equilibrium. 

Now,  if  a  small  additional  weight  to  be  placed  upon  the  top  of  the 
cylindrical  weight  w,  it  will  cause  the  weight  w  to  descend,  and  the 
weight  w'  to  rise ;  and  this  descent  will  have  all  the  characters  of  a 
uDjtonnlv  Qccelerated  motion,  for  the  force  of  mi^vt^  Imnvesaea  on  the 
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preponderating  weight  w  the  same  moving  force 
which  it  would  impress  upon  it  if  it  were  free ; 
bat  this  moying  force  is,  by  the  very  condition 
of  the  apparatus,  shared  by  w  and  the  equal 
weights  w  and  w',  so  that  instead  of  imparting 
to  w  the  velocity  which  such  weight  would  have 
were  it  free,  the  velocity  of  the  augmented  mov- 
ing mass,  consisting  of  w,  w,  and  w',  will  be  di- 
minbhed  in  precisely  the  same  proportion  as 
the  mass  moved  is  increased;  therefore,  the 
weight  w  bearing  upon  it  w,  will  fall  with  a  ve- 
locity so  much  less  than  that  with  which  to 
would  fall,  were  it  free,  as  the  combined  weights 
w',  W,  and  w  are  greater  than  w  alone.  iJut 
the  other  circumstances  attending  the  descend- 
ing motion  will  be  precisely  similar  to  those 
wUch  attend  the  descending  motion  of  any  fall- 
ing body.  The  machine  will  in  fact,  present  a 
miniature  representation  of  the  phenomena  of 
fiilling  bodies ;  the  effects  will  be  the  same  as 
though  the  attraction  of  the  earth  upon  a  falling 
body  were  diminished  to  such  an  extent,  that 
the  velocity  of  the  descent  would  be  reduced  to 
that  with  which  the  weight  to  falls. 

Now,  as  we  can  adopt  a  preponderating  weight 
Sw  w  as  small  as  may  be  desired,  it  is  clear  that 
we  may  reduce  the  velocity  of  the  fall  in  so  great 
^     a  degree,  that  all  the  circumstances  attending 
Fig.  38.  the  motion  during  the  descent  can  be  deliberately 

and  aocarat^ly  observed. 

Let  us  sappose,  for  example,  that  the' weights  w  and  w'  are  each 
twcnty-fomr  ounces,  and  that  the  preponderating  weight  w,  placed 
upon  w  to  produce  its  descent,  is  a  quarter  of  an  ounce.  The  total 
nusB  moved,  therefore,  by  the  action  of  gravity  impressed  upon  the 
weight  Wy  will  be  193  times  the  weight  to,  for  the  weights  w  and  w', 
taken  together,  are  forty-eight  ounces,  that  is  to  say,  192  quarters  of 
an  ounce ;  and  the  weight  to,  which  is  one  quarter  of  an  ounce,  being 
added  to  this,  will  make  a  total  of  193  Quarters  of  an  ounce. 

The  attraction  of  gravity,  therefore,  instead  of  imparting  velocity 
to  one  quarter  of  an  ounce,  has  to  move  193  quarters  of  an  ounce, 
and,  consequently,  the  velocity  it  imparts  per  second  will  be  193 
times  less. 

We  have  here,  with  a  view  to  simplify  the  explanation,  avoided 
all  reference  to  the  motion  imparted  to  the  wheel  over  which  the 
strings  pass;  but  it  will  be  evident  that  the  force  impressed  by  grar 
\itj  on  the  preponderating  weight  w,  must  be  shared  with  the  mat- 
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ter  of  the  wheel,  as  well  as  with  the  weights  W  and  w'.  If  the  mai* 
ter  of  the  wheel  were  all  collected  at  its  edge,  it  would  then  be 
moved  with  the  same  velocity  as  the  weights  W  and  w'  and  in  thii 
case  it  would  he  only  necessary  to  consider  the  weight  of  the  wheel 
as  forming  part  of  the  masses  W  and  w',  and  therefore  to  diminish 
the  latter  so  that  the  total  weight  of  w  and  w'  and  the  wheel  should 
make  up  forty-eight  ounces. 

But  as  the  mass  of  the  wheel  is  not  all  collected  at  ita  edge,  it 
does  not  all  receive  the  same  velocity,  hut^  on  the  contrary,  ita  diffisr- 
cnt  parts  are  moved  with  less  velocities  the  nearer  they  are  to  its 
centre.  This  difference  of  moving  force  imparted  to  different  parti 
of  the  wheel,  requires  to  be  allowed  for,  by  calculating  how  much 
matter  collected  at  the  edge  of  the  wheel  would  have  an  equal  mof- 
ing  force.  Such  a  calculation,  though  presenting  no  difficulty,  and 
subject  to  no  inaccuracy  or  doubt,  would  involve  mathematical  prin- 
ciples and  operations  which  cannot  be  conveniently  introduced  here; 
and  we  may  therefore  assume,  that  the  momentum  imparted  to  the 
wheel  is  represented  by  an  equivalent  portion  of  the  forty-ei^ 
ounces  assigned  to  the  weights  w  and  w',  and  that,  in  fact,  the  real 
weights  of  these  must  be  a  little  less  than  those  assigned  to  thenii 
the  difference  being  represented  by  the  effect  of  the  wheel. 

Being  provided  with  a  pendulum  beating  seconds  in  an  audiUe 
manner,  and  taking  the  thread  which  sustains  the  weight  w'  between 
the  fingers,  let  the  weight  w  be  elevated  until  its  upper  surface  coin- 
cides with  the  zero  of  the  scale.  Listening  attentively  to  the  beatt 
of  the  pendulum,  let  the  thread  be  disengaged  at  the  moment  of 
any  one  beat. 

It  will  be  found  that,  at  the  moment  of  the  next  beat^  the  weight 
W  will  have  fallen  precisely  one  inch.  During  the  second  beat  it 
will  have  fallen  through  precisely  three  inches  more,  during  the  thiid 
beat  it  will  have  fallen  through  JitVf  inches,  during  the  fourth  beat  it 
will  have  fallen  through  seven  inches,  during  the  fifth  beat  it  wiU 
have  fallen  through  nine  inches,  and  so  on.  Now,  if  these  distanoei 
be  compared  with  those  given  in  the  second  column  of  the  preceding 
table,  they  will  be  found  to  correspond ;  the  spaces  through  whioh 
the  weight  w  descends  in  successive  seconds  being,  as  shown  in  this 
table,  expressed  by  the  odd  numbers. 

In  the  same  manner,  it  will  appear  that  the  height  through  which 
the  weight  w  falls  during  the  first  second,  being  one  inch,  the  height 
through  which  it  falls  during  the  first  two  seconds  will  be  four 
inches,  the  height  through  which  it  falls  during  the  first  three  se- 
conds will  be  nine  inches,  the  height  through  which  it  falls  during 
the  first  four  seconds  will  be  sixteen  inches,  the  height  through  which  it 
falls  during  the  first  five  seconds  will  be  twenty-five  inches,  and  so  forth. 

These  numbers  correspond  with  and  verify  those  given  in  the 
foaiih  oolumn  of  the  preceding  table. 
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7.  T%e  heights  from  which  a  body  falls  are  proportional  to  the 
res  of  the  times  of  the  fall. — It  is  evidcut  that  these  uunibcrs, 
I  express  the  heights  Uirough  which  the  bodies  fall  in  any  num- 
f  seconds,  counted  from  the  oommencemcnt  of  the  motion,  arc 
iqnares  of  the  numbers  of  seconds;  and  hence  we  have  the  fol- 
i!5  general  principle : — 

hen  a  body  is  moved  by  a  uniformly  accelerating  for ee^  such  as 
i/y,  the  spaces  through  which  it  moves^  counted  from  the  com- 
emetU  of  the  motion,  will  be  proportional  to  the  squares  of  the 
t,  and  the  spaces  through  which  it  moves  in  equal  intervals  of 
will  he  as  the  odd  numbers. 

lese  rules,  which  are  of  the  highest  importance,  may  be  conve- 
tly  reduced  to  arithmetical  symbols.  Let  us  express  by  ^  the 
s  through  which  a  body,  urged  by  a  uniformly  accelerating  force 
a  state  of  rest,  would  move  in  one  second,  a  space  which,  in  the 
of  gravity,  is  16ft  lin.,  or  193  inches.  Thus  it  is  evident, 
1  what  has  been  stated,  that  we  shall  find  the  space  which  the 
r  would  move  through  in  any  given  number  of  seconds,  counted 
I  the  commencement  of  its  motion,  by  multiplying  g  by  the 
ire  of  this  number  of  seconds. 

48.  Formulcs  expressing  the  heights^  velocitieSy  and  times. — 
ice,  in  general,  if  T  express  the  number  of  seconds  during  which 
body  has  been  moving  from  a  state  of  rest,  t  '  X  ^  will  express 
entire  space  through  which  the  body  has  moved  in  the  number 
leconds  expressed  by  T.  If  this  space,  then,  be  expressed  by  n, 
shall  have 

H  =  T  *  X  g, 

n  like  manner,  since  it  has  been  established  that  the  velocity 
ch  is  gained  in  falling  during  one  second,  is  such,  that  in  each 
nd  the  body  would  with  that  velocity  move  through  a  space  equal 
wioe  that  through  which  it  had  fallen,  it  follows,  that  the  velocity 
nired  in  one  second  is  2  ^  ,*  in  other  words,  it  is  such,  that  a  body 
nng  with  that  uniform  velocity  would  move  through  a  space  cx- 
ned  by  2  ^  in  each  second. 

3ut  it  has  also  been  shown,  that  the  velocity  augments  in  propor- 
i  to  the  time,  and  that  the  velocity  in  two,  three,  four,  and  five 
Mids  is  two,  three,  four,  and  five  times  the  velocity  in  one  sc- 
(L  To  find,  therefore,  the  velocity  acquired  in  any  number 
seconds^  we  shall  only  have  to  midtiply  2  ^  by  that  number 
eoonds.  If,  then,  t  express  the  number  of  seconds  during  which 
body  has  been  falling,  and  y  the  velocity  which  it  has  gained  in 
time  T,  we  shall  have 

V  =  2  T  X  ^. 
rhe  two  preceding  formula)  include  the  whole  theory  of  falling 
liea  in  tmcuo.     From  these  way  be  deduced  the  following  {ottauXsl^ 
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by  which  the  velocity  which  is  acquired  in  Ming  throngii  any  g^ 
height  is  known :  — 

V  «  =  4  H  X  ^. 

or,  v  =  2^/H  X  g. 

This  formuk,  expressed  in  ordinary  language,  is  as  follows : — 

Rule  to  calculate  the  velocity  acquired  in  valusq 
IHROUOH  ANT  GIVEN  HEIGHT.  —  Multiply  the  height  expresKdit 
feel  by  16 1^,  extract  the  square  root  of  the  product,  and  mudtiphf 
the  result  by  two. 

It  remains  now  to  show,  that  by  Attwood's  machine  the  nnmben 
given  in  the  third  column  of  the  preceding  table  may  be  veriied; 
that  is  to  say,  to  demonstrate,  by  direct  experiment^  that  the  Tekeiiy 
imparted  to  the  body  in  its  descent  increases  in  the  direct  proporiNi 
of  the  time  of  the  fall. 

To  accomplish  this,  the  following  arrangements  are  made.  Th 
preponderating  weight  used  to  produce  the  descent  of  w  has  the  Ibra 
of  a  lon^  narrow  \^  D  (^fig,  38.)^  which  is  laid  across  the  upper  lo^ 
face  of  the  cylindrical  weight  w.  A  ring  E,  long  enough  to  aUow  tk 
weight  w  to  pass  through  it^  but  not  long  enough  to  allow  the  \m 
resting  on  this  weight  to  pass,  b  attached  to  the  scale  at  the  difinan 
marked  1.  If  the  weight  be  now  brought  to  such  a  position  that  ill 
upper  surface  shall  coincide  with  the  xero  of  the  scale,  and  if  it  be  let 
fall  at  a  moment  corresponding  with  one  beat  of  the  pendulum,  ito 
upper  surface  will  arrive  at  the  ring  E  at  the  moment  of  the  nest 
beat,  and  the  ring  which  allows  the  weight  w  to  pass  freely  throofk 
will  catch  the  bar,  which  will  rest  upon  it.  After  the  top  of  the 
weight,  therefore,  has  passed  the  ring,  the  weight  w  being  relieved 
from  the  bar,  by  whose  preponderance  its  motion  was  acoelerated,  wiU 
continue  to  move  downwards  without  further  acceleration,  with  tin 
velocity  it  had  acquired  at  the  end  of  the  first  second,  such  velodtj 
being  now  continued  uniform.  If,  then,  the  descent  of  this  weight 
uniformly  downwards  be  compared  with  the  beats  of  the  pendolan, 
it  will  be  found  to  move  uniformly  at  the  rate  of  two  inches  per 
second. 

Thus,  we  infer,  first,  that  the  velocity  imparted  at  the  end  of  the 
first  second  is  such  as  to  make  the  weight  w  move  uniformly  in  ons 
second  double  the  space  through  which  it  has  fallen^  and  that  sodi 
velocity  is  at  the  rate  of  two  inches  per  second. 

Let  the  ring  be  now  moved  to  the  fourth  division  of  the  scale,  anl 
the  bar  being  put  upon  the  weight  w,  let  the  experiment  be  repeated. 

It  will  be  found  that  at  the  end  of  two  seconds  the  bar  will  strike 
the  ring  and  the  weight  will  pass  below  it,  moving  with  a  uniform 
velocity;  and  by  compariug  its  motion  along  the  scale  with  the  beati 
of  tlie  pendulum,  it  will  be  found  that  this  velocity  is  at  the  nto  of 
four  inches  per  second 
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Again,  let  tbe  poeition  of  the  mz  be  fixed  at  the  ninth  division 
of  the  scale,  and  repkcing  the  bar,  let  the  experiment  bo  once  more 
repeated.  It  will  be  foand  that  the  bar  will  strike  the  ring  at  the 
end  of  the  third  second,  and  that  the  weight  w,  when  disengaged 
from  the  bar,  will  continae  to  descend  with  the  uniform  velocity  of 
six  inches  per  second. 

The  same  experiment  may  be  repeated  for  as  many  seconds  as  the 
height  of  the  scale  may  admit,  and  like  results  will  be  obtjiined. 

We  may  thns  obtain  a  complete  verification  of  the  n  urn  hers  con- 
tained in  the  third  column  of  the  preceding  table. 

249.  Calculation  of  the  height  from  which  a  body  falls  in  one 
wecand. — From  these  experiments  we  are  enabled  to  calculate  the 
height  through  which  a  body  would  fall  in  one  second  of  time  by 
the  efifect  of  the  force  of  gravity,  and  independently  of  any  influence 
firom  the  resistance  of  the  air. 

It  appem  from  what  has  been  stated,  that  when  the  magnitude 
of  the  weights  w',  w,  and  w  was  so  adjusted  that  the  height  of  the 
deaoent  was  193  times  less  than  the  height  with  which  to  would  fall 
finely,  the  height  through  which  it  fell  was  one  inch.  It  conse- 
quently follows,  that  if  w  were  submitted  to  the  unimpeded  action 
of  gravity,  it  would  fall  through  193  inches,  or  16  ft.  I  in.,  in  the 
first  second. 

250.  Method  of  caleulaiine  all  the  circumstances  of  the  descent 
of  a  falling  body, — The  table  at  page  113,  compared  with  this  re- 
sult, will  show  idl  the  circumstances  attending  the  descent  of  bodies 
fiJling  freely;  16  ft  1  in.  being  the  unit  of  the  table.  Thus,  if  we 
desire  to  ascertain  the  height  from  which  a  body  would  fiill  in  five 
seconds,  we  take  the  number  in  the  fourth  column  of  the  table  oppo- 
site 5  seconds,  which  is  25,  and  multiply  it  by  16  fl.  1  in.,  the  pro- 
duot,  which  is  402  ft.  1  in.,  will  be  the  height  required. 

In  the  same  manner,  if  it  be  required  to  determine  what  space  a 
fidlinff  body  would  descend  through  in  the  fifth  second  of  its  motion, 
we  take,  in  the  second  column  of  the  table,  the  number  opposite  5 
seconds,  which  is  9 ;  we  multiply  16  ft.  1  in.  by  this  number,  and 
find  the  product,  which  is  144  ft.  9  in.,  which  is  the  space  required. 

In  like  manner,  if  it  be  required  to  determine  with  what  velocity 
a  body  would  strike  the  ground  after  falling  during  an  interval  of 
five  seconds,  we  take  the  number  in  the  third  column  of  the  table 
opposite  5  seconds,  which  we  find  to  be  10,  and  we  multiply  16  ft.  1 
in.  by  this  number.  The  product,  which  is  160  ft.  10  in.,  will  be 
the  velocity  required;  and  we  infer  that  the  body  thus  falling  would 
have,  when  it  strikes  the  ground,  a  velocity  of  160  ft.  10  in.  per 
second. 

It  will  be  observed  that  the  numbers  in  the  first  column  of  the 
table  now  referred  to,  and  which  express  the  time  of  the  fcill,  are 
the  sqnaie  roots  of  the  numbers  in  the  fourth  column,  which  express 
^  lift 
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the  height  from  which  the  body  falls.     We  have  therefore  this 
ral  principle  of  uniformly  accelerated  motion. 

When  a  body  is  moved  by  a  uniformly  accelerating  force^  tk 
times  required  to  move  through  any  given  space  are  proportional  I0 
the  square  roots  of  those  spaces. 

By  the  aid  of  this  rule,  and  the  results  already  obtained,  we  an 
enabled  to  ascertain  the  time  which  a  body  would  take  to  &11  from 
any  given  height.  Thus,  if  a  body  be  supposed  to  fall  from  a  height 
of  10,000  feet :  Find  the  number  of  times  which  16  ft.  1  in.  an 
contained  in  10,000  feet,  which  is  done  by  dividing  10,000  by  16|',. 
The  quotient  is  62176. 

This  number  is  then  the  square  of  the  number  of  scooDda  in  the 
time  of  the  fall.  The  square  root  of  this  obtained  from  a  table  of 
square  roots  being  24*9,  we  infer  that  the  time  a  body  would  take  to 
fall  through  the  height  of  10,000  feet  is  24-9  seconds. 

In  the  same  manner  it  follows,  that  since  the  velocity  acquired  bj 
a  body  in  its  fall  is  proportional  to  the  time  of  the  fiill,  and  since  the 
time  of  the  fall  itself  is  proportional  to  the  square  root  of  the  height, 
the  velocity  acquired  must  also  be  proportional  to  the  square  root  of 
the  height 

If  we  would,  therefore,  determine  the  velocity  or  force  with  ytYoA 
a  body  falling  from  a  given  height  would  strike  the  ground,  inde- 
pendently of  the  effect  of  the  resistance  of  the  air,  we  are  enabled 
to  do  so  by  these  principles. 

Thus,  let  it  be  rcquirod  to  determine  the  force  with  which  a  bodr 
felling  from  the  height  of  10,000  feet  would  strike  the  eround.  It 
has  been  just  shown  that  the  time  of  the  fell  would  be  24*9  aecondis 
and  it  has  been  already  demonstrated  that  the  velocity  acquired  I9 
the  body  would  move  it  uniformly  over  a  space  equal  to  double  the 
height  through  which  it  falls,  and  in  the  same  time.  Therefore,  the 
velocity  in  this  case  would  be  such  that  in  24*9  the  body  would  non 
through  20,000  feet;  and  consequently,  by  dividing  20,000  by  24*9, 
we  shall  obtain  the  velocity  in  feet  per  second,  which  appears,  there- 
fore, to  be  803*2  feet  per  second. 

251.  Force  tcith  which  a  body  falls  is  as  the  square  root  of  the 
height  —  It  appears,  therefore,  that  the  velocity  or  force  with  which 
a  falling  body  strikes  the  ground  increases  in  a  much  less  proportioa 
than  the  height  from  which  it  falls.  If  the  height  be  augmented  in 
a  fourfold  proportion,  the  force  of  the  fall  will  only  be  augmented  in 
a  twofold  proportion ;  and  if  the  height  be  augmented  in  a  ninefold 
proportion,  the  force  of  the  fall  will  only  be  augmented  in  a  threefold 
proportion ;  and  so  on. 

252  Why  a  fall  from  great  heights  is  not  so  destructive  as  migk 
he  expected,  —  This  explains  a  fact  of  not  uufrequeut  occurrenoe,  and 
which  sometimes  produces  surprise. 

Persons  sometimes  fail  or  leap  from  such  heights  as  would 
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to  render  their  destruction  inevitable^  jet  they  are  frequently  found 
to  escape  without  considerable  injury.  This  is  explained  by  the  fact 
that  the  momentum,  or  shock  produced  by  the  fall,  increases  in  a 
proportion  so  very  much  less  than  the  height.  A  man  can  leap  from 
a  height  of  five  feet  with  perfect  impunity ;  if,  however,  he  leap  from 
a  height  of  ten  feet,  the  force  with  which  he  will  strike  the  ground, 
instead  of  being  doubled,  will  be  increased  in  a  proportion  less  than 
one  half;  and  if  he  leap  from  a  height  of  twenty  feet,  the  force  with 
which  he  strikes  the  ground  will  be  only  doubled. 

253.  Case  of  a  person  falling  down  a  coalpit.  —  A  further  miti- 
gation of  the  shock  produced  by  a  fall  arises  from  the  resistance  of 
the  air,  which  further  diminishes  the  velocity  acquired.  A  case  oc- 
enrred  some  years  ago,  in  which  a  boy,  dressed  in  a  smock  frock, 
accidentally  fell  down  the  shaft  of  a  coal-pit  having  a  depth  of  nearly 
100  feet.  It  was  expected  that  he  would  have  been  found  dead  at 
the  bottom.  On  searching,  however,  he  was  found  there  almost  un- 
injured. It  is  probable,  that  in  this  case,  the  frock  he  wore  afforded 
a  reastance  to  the  air,  somewhat  resembling  a  parachute,  which^ 
combined  with  the  principle  already  explained,  that  the  velocity  ang« 
ments  in  a  very  much  less  proportion  than  the  height^  explained  his 
safety. 

254.  Retarded  motion  of  bodies  projected  upwards.  —  All  the 
circumstances  attending  the  accelerated  descent  of  falling  bodies, 
which  have  been  explained  in  the  present  chapter,  are  exhibited  in  a 
reversed  order  when  a  body  is  projected  upwards.  Gravity  then  acta 
as  a  uniformly  retarding,  instead  of  uniformly  accelerating  force,  de- 
priving the  body  so  projected  of  equal  quantities  of  velocity  in  equal 
tunes;  and  furUier,  it  is  apparent  that  the  velocities  which  the  force 
of  graTity  thus  destroys  in  a  body  projected  upwards  in  any  ffivon 
time  are  exactly  equal  to  those  which  it  would  impart  to  a  body  in 
the  same  time  when  fisdling  freely. 

Thus,  if  a  body  be  projected  vertically  up¥rards  with  the  velooi^ 
which  it  would  acquire  in  felling  freely  during  one  second,  the  body 
80  projected  will  rise  exactly  to  the  height  from  which  it  would  have 
fiillen  in  one  second,  and  at  any  point  of  its  ascent  it  will  have  the 
velocity  which  it  would  have  at  the  same  point  if  it  had  descended. 

To  determyie,  therefore,  the  height  to  which  a  body  will  rise  pro- 
jected upwards  with  a  given  velocity,  it  is  only  necessary  to  deter- 
mine the  height  from  which  a  body  would  fall  to  acquire  the  same 
velocity. 

In  like  manner,  to  determine  the  time  which  a  body  would  take 
to  rise  to  a  certain  height  when  projected  upwards,  it  is  only  neces- 
sary to  determine  the  time  which  a  body  would  take  to  ML  freely 
from  the  same  height. 

255.  Motion  down  an  inclined  plane.  —  A  plane  and  hard  sur* 
face,  which  is  neither  in  the  vertical  nor  horizontal  pofdtion,  is  called 
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an  iDclined  plane*  ^^J^g-  39*>  if 
the  line  w  o  be  vertioaij  then  w  n 
vill  represent  ad  iDclined  pl&ne. 

Bodies  which  descend  upoD  in- 
oliacd  pknes  move  with  a  uoif(»niilj 
accelerating  force  Bimilar  to  thit  of 
gra^-ity,  omitting,  aa  uauni,  the  coo- 
BidcratioD  of  frictioD,  and  the  resist 
nacc  of  the  air 

Let  w  he  a  body  placed  upon  tbt 
iDclined  plane.  The  force  of  gtuTitj 
acts  upon  it  in  the  vertical  direction 
w  0-  Let  this  line  w  o^  bo  repre- 
senting the  force  of  gravity^  be  coin 
aidcred  as  the  diagonal  of  a  paralkt- 
opam,  of  which  w  N  and  w  m  Ui 
sides  J  the  eide  w  n  being  perpeQdi^ 
nlar  to  tf  M.  The  entire  force  d 
gravity,  therefore,  represented  by  w  o, 
and  acting  on  the  body  w,  will,  \ej 
Fig.  39.  the     principle    of    composition   of 

forces,  be  equal  to  the  two  forces  represented  by  the  aides  of  the  par- 
allelogram w  M  and  w  n.  But  w  n,  being  perpendicular  to  the 
plane,  is  counteracted  by  it,  and  exhibits  itself  merely  in  pressure 
upon  it  The  component  w  M,  however,  being  in  the  direction  of 
the  plane  aud  downwards,  will  cause  the  body  to  move  down  the 
plane. 

The  proportion  of  this  accelerating  force  down  the  plane  to  that 
of  gravity  acting  freely  in  the  verti^  direction,  will,  therefbxe,  be 
that  of  the  lines  w  M  to  w  o. 

If  w  o  be  the  height  through  which  a  body  would  fall  vertically 
in  one  second,  then  WM  will  be  the  distance  through  which  the 
body  would  fall  in  the  first  second  on  the  inclined  plane. 

It  is  evident,  therefore,  that  by  taking  w  o  equal  to  193  inches, 
the  distance  w  M  will  be  actually  that  down  which  the  body  w,  in- 
dependently of  friction,  &c.,  would  full  in  the  first  second. 

If  it  be  desired  to  ascertain  the  force  with  which  the  body  w  preflses 
on  the  inclined  plane,  let  w  o  be  taken  so  as  to  consist  of  as  many 
inches  as  there  are  pounds  in  the  weight  w. 

Then  w  n  will  consist  of  as  many  inches  as  there  are  poondfl  la 
the  pressure  which  w  exerts  on  the  plane. 

256.  Motion  on  inclined  plane  uniformly  accelerated.  —  The  omv 
lion  down  an  inclined  plane,  therefore,  being  uniformly  accelerated, 
like  gravity,  but  only  mitigated  in  its  intensity  in  a  certain  rmtio,  de- 
pending on  the  inclination  of  the  pline,  all  the  circumstances  vhieh 
LjiTe  Iwen  already  explained  in  reference  to  the  accelerated  ; 
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of  bodies  falling  freely,  will  be  eimilarl j  exhibited  in  the  motion  down 
an  inclined  plane. 

Let  w  M  (Jig,  40.)  be  an  inclined  plane,  and  w  o  the  vertical  line, 
and  let  us  suppose  two  bodies  dismissed  at  the  same  moment  from  w, 
one  falling  down  the  vertical  line  W  o,  and  the  other  down  the  line 
w  Bi.  Let  I,  n.  III,  IV,  V,  be  the  points  upon  the  vertical  line  w  o,  at 
which  the  bodj  is  fonnd  at  the  end  of  one,  two,  three,  four,  and  five 
seconds. 

If  from  these  points  lines  bo  drawn  perpen- 
dicular to  w  M,  the  points  i',  ii',  iii',  iv',  v', 
where  these  perpendiculars  will  meet  the  in- 
clined plane,  will  be  those  at  which  the  body 
falling  down  such  inclined  plane  will  be  found 

J>\  at  the  same  epochs ;  that  is  to  say,  at  the  end 

^f^  of  the  first  second  the  one  body  will  be  found 

at  I  and  the  other  at  i',  at  the  end  of  the  se- 
cond second  the  bodies  will  be  found  respect- 
ively at  II  and  ii',  at  the  end  of  the  third  se- 
cond at  III  and  in',  and  so  on. 

The  force  down  the  inclined  plane  is  just  so 
much  less  in  intensity  than  the  force  of  gra- 
vity, as  the  spaces  w  i',  w  ii',  w  in',  &c.  are 
respectively  less  than  w  i,  vr  ii,  w  in,  &c. 
Consequently,  it  is  evident  that  these  spaces, 
being  in  the  proportion  of  the  forces,  will  be 
^  described  in  the  same  time,  as,  indeed,  has 
been  already  proved. 

Li  this  manner,  therefore,  the  circumstances 
of  the  motion  down  an  inclined  plane  may 
always  be  determined  with  reference  to  the 
Fig.  40.  circumstances  of  the  motion  down  a  vertical  line. 

If  it  be  desired  to  ascertain  the  points  at  which  a  body  falling 
down  an  inclined  plane  will  acquire  the  same  velocities  which  it  ac- 
quired in  one  or  more  seconds  in  falling  freely  in  the  vertical  direc- 
tion, it  is  only  necessary  to  consider  that  the  more  feeble  force  down 
the  plane  requires  a  proportionally  greater  space  to  produce  a  given 
velocity.  If,  then,  w  M  and  w  O  {Jig.  41.)  represent,  as  before,  an 
inclined  plane  and  a  vertical  line,  and  if,  as  before,  l,  ii,  in,  iv,  v 
represent  the  points  at  which  the  body,  falling  vertically,  would  be 
found  at  the  end  of  one,  two,  three,  four,  and  five  seconds,  then  the 
points  on  the  plane  where  the  same  velocity  would  be  attained  as  the 
body  had  at  the  points,  i,  ii,  in,  rv,  and  v,  will  be  determined  by 
drawing  lines  from  the  points,  i,  n,  in,  iv,  and  V  respectively  in  the 
lunrizontal  direction ;  because,  by  these  means,  the  line  w  V  on  the 
plane  will  be  just  bo  much  longer  than  the  line  w  I  as  the  force  of 
fjvntjf  MtiBg  freely,  ia  more  intense  than  the  foioe  down  the  in- 


124 


OF  FORCE  AND  MOTION. 


cIiDed  plane;  consequently,  the  velodtj 
which  will  be  acquired  at  V  on  the  plane, 
will  be  the  same  as  the  velocity  acquired 
at  I  in  falling  freely. 

In  the  same  manner,  it  will  appear  that 

tw  the  velocities  acquired  oh  the  plane  at  the 

^  points  v',  v",  v'",  V"",  will  be  the  same 

V  -  as  the  velocities  acquired  in  falling  freelj 

at  the  points  ii,  iii,  iv,  and  v. 

257.  The  motion  of  prqfectilcs. — We 
have  considered  the  case  where  a  body, 
acted  on  freely  by  the  force  of  gravity,  is 
either  allowed  to  fall  vertically  downwards, 
or  is  projected  vertically  upwards.  We 
shall  now  consider  the  other  cases,  in 
which  a  body  is  projected  in  any  other 
direction,  not  vertic»il,  and  then  abandoaed 
to  the  action  of  gravity, — a  problem  which 
forms  the  foundation  of  the  doctriuc  of 
projectiles. 

The   solution  of  this  problem   followi 
immediately  from    the    principles  which 
determine  the  motion  of  a  body  falhng 
freely,  as  explained  in  the  present  chap- 
ter, and  the  composition  of  motion. 
258.  Case  of  a  projectile  shot  horizonCally. — Let  us  first  take  the 
case  in  which  a  body  w  (Jig.  42.),  as,  for  instance,  a  ball  shot  from 
a  caunon,  is  projected  in  the  horizontal  direction  w  M. 

If  the  force  of  gravity  did  not  act  on  it,  it  would  move  forwards 
towards  M  with  the  velocity  of  projection  continued  uniform,  and,  in 
virtue  of  such  motion,  would  pass  over  equal  spaces  in  equal  times. 
Thus  if,  by  the  velocity  of  projection,  the  body  would  move  from  w 
to  i'  in  the  first  second,  it  would  move  from  i'  to  ii'  in  the  next 
second,  from  ii'  to  in'  in  the  following  second,  and  so  on,  these  soo- 
cessive  spaces  being  equal. 

IJut  if,  on  the  other  hand,  the  body,  without  being  projected  at 
all,  were  disengaged  at  w,  and  loft  to  the  action  of  gravity  alone,  it 
would,  as  has  been  already  cxpljiinod,  descend  vertically,  and  would 
be  found  at  the  points  i,  ii,  in,  iv,  v  at  the  end  of  the  successive 
beconds,  the  distance  being,  as  already  explained,  represented  by  the 
numbers  1,  4,  9,  &c. 

Now,  the  body  leaving  w,  being  submitted  to  both  these  forces 
simultaneously,  will,  by  the  composition  of  motion,  be  found  at  the 
end  of  each  successive  second  at  the  extremity  of  the  diagonal  of 
a  parallelogram  whose  sides  represent  these  motions.  Thus,  at  the 
and  of  the  £nt  second,  the  body  will  be  found  at  the  point  1,  beiiig 
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the  extremity  of  the  dia^nol  of  a  parallelogram  whose  sides  are  the 
space  W  \\  through  which  the  body  would  move  in  virtue  of  the 
velocity  of  progression,  and  w  I  the  space  through  which  it  would 
fiill  freely  in  the  same  time  by  gravity.  If  the  force  of  gravity 
would  have  made  it  move  over  W  l  with  a  uniform  motion,  then  the 
body,  in  moving  from  w,  would  follow  exactly  the  diagonal  of  the 
parallelogram.  But  the  force  of  gravity  imparting  to  the  body  not 
a  uniform,  but  an  accelerated  motion,  first  very  slow  and  then  more 
rapid,  the  body  will  pass  from  w  to  1,  not  by  a  strict  diagonal  course, 
but  by  a  curved  line,  as  represented  in  the  figure. 

In  the  same  manner,  at  the  end  of  two  seconds,  the  body  will  bo 
found  at  2.  But  it  is  actuated  at  the  same  time  by  two  motions ; 
first,  the  projectile  motion,  which,  acting  alone  upon  it,  would  carry 
it  uniformly  from  w  to  li' ;  and,  secondly,  the  force  of  gravity,  which, 
acting  alone  upon  it,  would  cause  it  to  fall  from  w  to  li.  At  the 
eiTd  of  two  seconds  it  will  therefore  bo  found  at  the  point  2,  being 
the  extremity  of  the  diagonal. 

But,  as  before,  the  motion  from  w  to  ii  not  being  uniform  but 
accelerated,  first  slow  but  afterwards  more  rapid,  the  body  will  pass 
firom  w  to  2,  not  along  the  diagonal,  but  over  the  curved  line  repre- 
sented in  the  figure. 

The  same  explanation  will  be  applicable  to  its  remaining  course, 
and  it  will  follow  that  the  body  will  pursue  the  curved  course  from 
W  to  5  in  five  seconds,  in  consequence  of  the  combination  of  the 
projectile  velocity  imparted  to  it,  and  represented  by  W  v',  combined 
with  the  descending  motion  imparted  to  it  by  gravity,  and  represented 
by  wv. 

259.  Catt  of  oblique  projection, — In  this  case  we  have  suppoaod, 
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for  simplicitj,  tLe  body  to  be  projected  ia  tlie  UonxootBl  directiaD; 
but  the  same  pnDcipUs  \rill  explnin  \ts  moiioQ,  if  projected  in  ui 
oblique  direction j  Biioh.  oa  w  M  Cfig^  43.)* 

^M  As  before,  let  the  space  vbidi 
tlie  body  would  move  over  in  om 
second,  in  virtuo  of  tbo  projcctiU 
force  ttlonej  gra\-ity  beiog  eupposed 
not  to  lull  upon  it^  be  Wl'.  It 
would  move  over  tlie  equal  spicei 
marked  i',  n',  iil',  JV',  V',  in  th* 
Buccesisivc  seconds. 

On  the  other  hand^  suppose  tJu 
body  to   be   acted   on    by  gravity 
alone,  iodcpendently  of  the  projec- 
tile force.     It  would  thcti>  aa  be- 
-mY       /  y  \|  ^^^i  moving  in   the  vertiaU  line 

I       /         /  X         wo,  bo  fonnd  at  the  end  of  tLe 

J  y^       /  /  successive  seconda  at  the  poinlai,  - 

II,  III,  IT,  V. 

Now,  by  the  principle  of  the 
compopition  of  motion,  tbe  bodj 
will  actually  bo  found,  in  conse- 
quence of  the  slmultAueouB  effect! 
of  the  two  motions  imparted  to  it 
by  gravity,  and  by  the  projectile 
forct^j  at  the  end  of  the  Buccesdve 
Gccond^,  at  the  points  1,  2,  S^  4,  5, 
which  are  the  extremities  of  the 
diagonals  of  parallelograms^  whose 
sides  are  respectively  the  Fpocct 
which  the  body  would  describe  in  virtuo  of  the  projectile  force,  ajid 
of  gravity  acting  separately.  The  course  of  the  body  will  be  the 
curved  line  represented  in  the  figure,  and  not  the  straight  diagonal, 
for  the  reasons  already  explained. 

260.  Projectiles  move  in  parabolic  curves, — The  path  which  the 
projectile  follows  in  this  case  is  a  curve,  known  in  geometry  as  the 
parabola,  the  property  of  which  is,  that  the  sides  of  the  parallelo- 
gram, whose  diagonal  determines  its  successive  points,  are  related  to 
each  other  as  the  successive  whole  numbers  1,  2,  3,  4,  &c.,  and  their 
squares  1,  4,  9,  16,  &c. 

261.  These  conclusions  modified  by  resistance  of  the  air. — It 
must,  however,  wo  repeat,  be  remembered,  tlmt  these  conclusions  rest 
upon  the  supposition,  that  the  body  moves  in  a  medium  which  offen 
no  resistance  to  it,  and  which  does  not  deprive  it  of  any  of  the  force 
imparted  to  it  bv  projection  or  by  gravity. 

Ja  the  Aocoal  jase,  however,  of  all  projectiles,  the  motioQ  takes 
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place  through  tho  atmosphere^  which  in  a  resisting  medium,  and, 
uoreover,  one  of  which  the  resistance  varies,  increasing  in  a  ccrtun 
high  proportion  with  the  velocity.  The  real  path,  therefore,  of  pro- 
jectiles differs  more  or  less  from  the  parabola  explained  above.  The 
deviation  is  not  very  considerable  when  the  velocity  of  the  moving 
body  is  not  great;  but  when  the  projectile  is  driven  with  great 
'velocity,  as  in  the  practice  of  gunnery,  then  the  deviation  from  the 
parabolic  path  is  so  considerable,  that  the  above  theory  becomes  al- 
together inapplicable. 

CHAP.  VI. 

CENTRE   OF   GRAVITY. 

262.  Weight  of  a  body  is  the  aggregate  of  the  weights  of  its 
molecules. — If  a  body  be  prevented  ifrom  moving  in  obedience  to  the 
force  of  gravity  by  a  fixed  axis  passing  through  it,  a  fixed  point  from 
which  it  is  suspended,  or  a  surface  placed  beneath  it,  the  effect  of 
gravity  upon  it  will  be  manifested  by  a  pressure  produced  upon  such 
axis,  point  of  suspension,  or  surface. 

This  pressure  is  called  the  weight  of  the  body. 

As  gravity  acts  separately  upon  all  the  coniponent  particles  of  a 
body,  the  weight  of  such  body  is  composed  of  the  aggregate  of  tho 
weights  of  all  its  particles.  This,  which  is  manifest  from  what  has 
been  already  explained,  may  be  rendered  still  more  clear,  from  con- 
sidering that  if  a  body  be  divided  into  parts,  no  matter  how  minute 
and  numerous,  each  of  these  parts  will  have  a  certain  weight,  and 
the  aggregate  amount  of  their  several  weights  will  be  exactly  equal 
to  ihe  weight  of  the  body  of  which  they  arc  the  fragments. 

Such  a  division  may  be  carried  to  the  most  extreme  practical  limit 
of  comminution  by  pounding,  grinding,  filing,  and  other  processes 
known  in  the  arts,  and  th^  weight  will  still  be  divided  as  tho  matter 
is  divided;  nor  is  it  possible,  even  in  imagination,  to  conceive  any 
degree  of  comminution  so  great  that  the  same  principle  will  not  pre- 
vail ;  and  it  may  therefore  be  considered  as  established,  that  every 
individual  atom  which  composes  a  body  has  weight,  and  that  the 
weight  of  the  mass  is  the  sum  of  the  weights  of  all  its  constituent 
atoms  or  molecules. 

263.  Effect  of  cohesion  on  the  gravity  of  tlie  molecules.  —  If  the 
particles  composing  a  body  had  no  mutual  coherence  or  other  mecha- 
nical connection  having  a  tendency  to  retain  them  in  juxtaposition, 
each  particle  would  obey  the  force  of  its  gravity  independently  of  the 
others,  and  they  would  fall  asunder  like  a  mass  of  sand.  But  if  they 
be  so  connected  by  their  mutual  cohesion,  as  they  nr*s  in  fact  in  all 
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solid  bodies,  this  coheftioti  will  resist  the  tendency  of  th&ir  weiftkU  to 
separate  them ;  thcj  will  uiaifitaia  their  juxtapositioa,  the  body  irtU 
retain  its  form,  and  the  8eyer.il  forces  with  which  gravity  afifecta  them 
will  become  compoundedi  so  as  to  produce  a  single  force  or  pressnrei 
which  is  the  resultant  of  all  the  separate  forces  impressed  upon  tbo 
particles. 

2G4.  Resultant  of  the  gravitating  forces  of  the  molecules.  —  As 
this  resultant  enters  as  a  condition  into  every  mechanical  qucstioa 
aiTocting  bodies,  it  is  of  the  greatest  importance  to  investigate  the 
conditions  by  which  in  every  case  its  intensity  and  the  line  of  its 
direction  may  be  determined. 

It  has  been  already  shown  that  the  weights  of  all  the  particles 
composing  a  body  act  in  directions  parallel  to  a  plumb-line,  or  per- 
pendicular to  a  level  surface.  But  it  has  been  also  demonstrated 
(158.)  that  when  any  number  of  forces  act  in  the  same  direction  in 
parallel  lines,  their  resultant  is  a  force  acting  in  a  line  parallel  Uk 
them,  and  in  the  same  direction  in  this  line,  and  that  its  intensity  or 
quantity  is  equal  to  the  sum  of  these  forces. 

The  resultant,  therefore,  of  the  forces  of  gravity  affecting  all  the 

particles  of  any  mass  of  matter,  is  a  single  force  acting  verticallj 

downwards,  which  is  equal  to  the  sum  of  all  the  forces  affecting  the 

particles  severally,  and  therefore  equal  to  the  weight  of  the  mass. 

If,  for  example,  A  Tijjig.  44.,  represent  a  mass  of  matter,  and  the 

small  arrows  pointing  vertically  downwards  represent 

the  direction  of  the  gravitating  forces  of  the  particles 

composing  such  mass,  then  it  follows,  from  what  has 

been  explained,  that  the  resultant  of  all  these  forces, 

or  a  single  force  equal  to  them,  will  all  have  a  direction 

parallel  to  them,  such  as  D  £,  and  will,  in  its  iDtensity, 

be  equal  to  their  sum. 

But  this  is  not  yet  sufficient  to  indicate  this  resul- 
tant in  a  definite  manner.  We  as  yet  only  know  that 
its  direction  is  parallel  to  the  common  direction  of  the 
gravity  of  the  particles;  but  innumerable  lines  may  be 
imagined  pa^ssing  througli  the  body  vertically  down- 
wards, and  the  question  still  remains  to  bo  determined 
which  of  these  lines  is  the  direction  of  the  resultant. 

When  the  body  in  question  has  a  dcternnnate  form  and  a  uniform 
density,  or  even  a  dentiity  varying  according  to  some  known  condi- 
tions, the  principles  of  mathematical  science  supply  methods  b^'  which 
the  line  of  direction  of  the  resultant  may  be  determined;  but  wc 
shall  here  adopt  a  more  simple  and  generally  intelligible  method  of 
explanation. 

If  we  suppose  the  line  represented  by  i\\e  great  arrow  D  £  (Jig.  44.) 
to  bo  that  of  the  resultant,  then  it  is  evident  that  if  any  point  such 
Ad  0  in  that  line  be  supp)rted^  the  body  will  remain  at  rest,  becaiue 
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int  of  all  the  forces  acting  upon  the  body  having  the  direc- 
irill  be  expended  in  pressure  on  the  fixed  point  o.  The 
refore,  will  be  that  the  whole  weight  of  the  body  will  press 
id  the  body  will  remain  at  rest. 

ne  would  be  true  for  any  point  whatever  in  the  direction  of 
arrow.  If,  for  example,  D  were  a  pin  from  which  a  thread 
nded,  and  that  this  thread  were  attached  to  the  body  at  any 
the  line  D  C,  then  the  body  would  still  remain  at  rest,  the 
^ght  being  expended  in  pressure  upon  the  pin  at  D ;  for,  as 
e  resultant  of  all  the  forces  of  gravity  acting  upon  the  com- 
rticlcs  of  the  body,  would  have  the  direction  D  E,  and  would 
be  supported  by  the  fixed  pin  at  D. 

a  point  of  support  be  selected  which  is  not  in  the  direction 
sultant  D  £,  such  as  P,  and  a  string  be  carried  from  p  to 
,  of  the  body,  such  as  c,  then  the  body,  although  it  will  not 
tted  to  descend  vertically,  in  obedience  to  gravity,  will  not 
ess  remain  at  rest. 

suppose  the  weight  of  the  body  to  be  expressed  by  the  line 
lis  line  be  taken  as  the  the  diagonal  of  a  parallelogram  whose 
c  II  and  c  I,  one  in  the  direction  of  the  cord,  and  the  other 
mgles  with  it,  —  that  portion  of  the  weight  which  is  reprc- 
y  c  n,  and  which  is  in  the  direction  of  the  string,  will  act 
fixed  point  p,  and  produce  pressure  upon  it.  The  portion 
jight  which  acts  in  the  direction  c  i  will  move  the  body  to- 
e  vertical  line  P  O,  which  passes  directly  downwards  from  the 
suspension.  The  body  will  therefore  begin  to  move  towards 
ical  line.  If  the  body  had  been  on  the  other  side  of  the  ver- 
J  p  o,  it  would  still  have  moved  towards  it,  and  therefore  in 
an  contrary  to  its  present  motion. 

.ows,  therefore,  that  if  a  body  be  supported  by  a  fixed  point, 
t  remain  at  rest  unless  the  resultant  d  E  of  all  the  parallel 
hich  gravity  impresses  upon  its  particles  pass  through  that 

Experimental  method  of  delermining  the  resultant  of  the 
ting  forces  of  tfie  molecules,  —  We  are  thus  supplied  with  a 
I  mcjms  of  ascertaining  the  direction  of  the  resultant  of  the 
of  all  the  component  parts  of  a  body  with  reference  to  any 
iiiut  taken  upon  it,  as  we  have  only  to  suspend  the  body  by  a 
ttachcd  to  the  given  point,  and  allow  it  to  settle  itself  at  rest. 
thus  at  rest,  the  resultant  of  the  weights  of  all  its  particles 
in  the  direction  of  the  string  by  which  it  is  suspended. 
le  same  body  be  suspended  by  dilFerent  points  upon  it,  the 
directions  of  the  gravitating  forces  of  its  particles  will  difier 
ence  to  the  body,  sJthough  they  are  the  same  in  reference  to 
iction  of  the  suspending  strlug,  being  always  parallel  to  \t. 
^  Jbr  example,  if  an  egg  he  suspended  with  its  lengtb  'veT\ic«\^ 

lift 
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the  parallel  forces  which  gravity  impresses  on  its  particles  will  be 
parallel  to  its  length ;  but  if  it  be  suspended  with  its  length  hori- 
zontal, then  the  parallel  directions  of  the  gravity  of  its  particles  will 
be  perpendicular  to  its  length. 

206.  There  is  a  different  resultant  for  every  different  point  of 
suspension.  —  Since  in  each  case  the  resultant  of  these  parallel  forces 
will  coincide  with  the  direction  of  the  string,  it  must  in  the  one  ca«e 
pass  through  the  egg  in  the  direction  of  its  length,  and  in  the  other 
case  in  a  direction  at  right  angles  to  its  length. 

In  like  manner,  the  body  being  supported  by  any  point  whatever 
taken  upon  it,  the  direction  of  the  string  will  be  different  for  each 
such  point;  and  consequently,  there  will  be  an  infinite  variety  of  re- 
sultants of  the  gravitating  forces  of  the  particles  of  the  body,  accord- 
ing to  the  different  points  by  which  it  may  be  suspended. 

Now,  a  question  arises,  whether  there  is  any  relation  between  this 
infinite  variety  of  resultants ;  for  if  such  be  not  the  case,  the  dcte^ 
mination  of  the  resultant  of  the  gravitating  forces  of  a  body  would 
be  a  problem  which  would  present  itself  under  an  infinite  diversity 
of  forms  and  conditions  for  every  individual  body. 

267.  Ml  these  resuliants  have  a  common  point  of  intersection.-^ 
This  question  may  be  solved  by  a  very  simple  experiment,  and  its 
solution  is  attended  with  a  remarkable  and  important  result 

Take  a  solid  body  of  any  form,  regular  or  irregular,  and  composed 
of  a  material  which  is  easily  perforated,  without  diminishing  its  mass, 
or  considerably  deranging  its  structure.  Take,  for  example,  a  mass 
of  putty  of  any  form.  Lot  this  mass  be  suspended  by  a  thread  at- 
tached to  a  fixed  point,  which  it  may  easily  be,  if  previously  sui^ 
rounded  by  a  thread  forming  a  loop.  When  at  rest,  the  resultant  of 
the  forces  of  gravity,  acting  upon  all  its  particles,  will  be  a  vertical 
line  penetrating  its  dimensions  in  the  direction  of  the  suspending 
thread.  Take  a  needle,  and  pierce  the  putty  in  this  direction.  The 
hole  which  is  thus  made  through  it  will  represent  the  direction  of  the 
resultant  of  the  gravitation  of  its  particles. 

Let  the  mass  be  now  detached  from  the  thread  of  suspension,  and 
let  it  be  again  suspended,  but  in  a  diflerent  position,  which  may  be 
easily  accomplished  by  the  loops  of  thread  surrounding  it. 

Tlic  mass  will  agjiin  settle  itself  into  a  position  of  rest,  and,  as  be- 
fore the  direction  of  the  resultant  of  all  its  gi-avitating  particles  will 
be  a  vertical  line  in  the  exact  direction  of  the  suspending  thread. 
Let  the  putty,  as  before,  be  thoroughly  pierced  in  this  direction  with 
a  needle. 

Let  the  same  experiment  be  repeated  in  three  or  four  other  differ- 
ent positions  of  the  mass,  so  that  we  shall  obtain  several  holes  pierced 
through  the  body  by  the  needle,  representing  the  direction  of  the  re- 
sultant of  the  gravitating  forces,  in  the  several  positions  in  which  the 
Ifodj  was  suspended 
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Now  a  corioiis  relation  will  be  fonnd  to  exist  between  tbe  several 
directions  in  which  the  needle  has  pierced  through  the  putty. 

It  will  be  found,  in  £ftct,  that  all  these  lines  of  perforation  inlcr- 
aect,  at  a  common  point,  within  the  dimensions  of  the  body.  This 
fsLet  may  be  easily  established. 

Let  a  needle  be  inserted  in  any  one  of  the  perforations,  and  it  will 
be  found  that  another  needle  cannot  pass  through  any  of  them,  for 
its  progress  will  be  stopped  by  the  needle  already  inserted.  All  the 
perforations,  therefore,  must  intersect  each  other  at  a  common  point 
within  the  putty. 

It  appears  from  thb  experiment,  that  there  is  a  certain  point, 
within  the  dimensions  of  the  body,  through  which  the  resultant  of 
all  the  gravitating  forces  of  the  particles  of  the  moss  must  pass,  no 
matter  in  what  position  the  body  may  be  placed. 

268.  Another  experimental  proof  of  this. — This  result,  which  is 
of  high  importance,  may  be  further  illustrated  and  verified  in  the  fol- 
lowing manner :  — 

Let  a  flat  thin  plate  of  metal,  or  a  piece  of  card,  of  any  form,  how- 
ever irregular,  be  pierced  with  small  holes,  at  several  points,  so  that 
it  may  be  suspended  upon  a  horizontal  pin,  the  plate  itself  being  ver- 
tical. When  so  suspended,  it  can  only  remain  at  rest,  provided  tho 
resultant  of  the  gravitating  forces  of  its  particles  pass  through  tho 
pin ;  for  otherwise,  as  has  been  already  explained,  the  body  would 
move,  in  one  direction  or  other,  round  the  pin  on  which  it  is  sus- 
pended. 

If  a  plumb-line  be  suspended  from  this  pin,  it  is  evident  that  when 
the  plate  is  at  rest,  the  direction  of  the  resultant  of  the  gravitating 
forces  must  coincide  with  the  direction  of  the  plumb-line.  Let  a  line 
then  be  traced  upon  the  plate  coinciding  with  the  direction  of  tho 
plumb-line. 

Let  the  body  be  then  detached  from  the  pin,  and  let  the  pin  be  in- 
serted in  another  hole.  The  body  will  now  hang  in  another  position, 
the  resultant  of  the  gravitating  forces  of  its  particles  again  coinciding 
with  the  plumb-line.  Let  the  direction  of  the  plumb-line  be  traced 
upon  the  plate  as  before.  In  fine,  let  this  experiment  be  repeated, 
iKitli  all  the  holes  pierced  in  the  plate,  and  it  will  be  found  that  the 
hues  traced  upon  the  plate,  indicating  the  various  directions  of  the 
Tisultant,  of  the  gravitating  forces  of  its  particles,  will  intersect  each 
ether  at  one  common  point. 

269.  This  common  point  of  intersection  is  called  the  centre  of 
gravity.  —  This  common  point,  through  which  the  resultants  of  the 
gravity  of  the  particles  of  bodies  pass,  is  called  their  centre  of  gravity. 

A  hne  drawn  in  the  vertical  direction,  through  the  centre  of  gra- 
vity of  a  body,  is  called  the  line  of  direction  of  the  centre  of  gravity. 

270.  When  the  centre  of  gravity  is  supported^  the  body  tcill  re* 
main  at  rut.  —  If  the  centre  of  gravity  of  a  body  be  supported  on  a 
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point,  or  axis,  and  the  body  is  free  to  turn  round  such  axis,  the  Mj 
will,  in  that  case,  remain  at  rest  in  any  position  in  which  it  may  m 
placed ;  for,  according  to  what  has  been  already  stated,  the  resnltiik 
of  the  gravitating  forces  of  all  its  particles  must  be  in  the  direetiM 
of  a  vertical  line  passing  through  the  centre  of  gravity,  and  the 
whole  weight  of  the  body  may  be  considered  as  acting  in  that  line. 
But,  if  the  centre  of  gravity  be  suspended  by  a  pivot,  or  an  axis,  tfafli 
the  whole  weight  of  the  body  will  press  upon  such  pivot  or  axis,  no 
matter  what  be  the  position  in  which  the  body  is  placed. 

This  may  bo  easily  verified  by  experiment. 

Let  the  centre  of  gravity  of  any  solid  body  bo  determined,  by  n^ 
pending  it  from  ditleront  points,  in  the  manner  explained  above,  nl 
let  the  body  be  placed  upon  a  pivot  or  axis,  passing  through  tUi 
point.  It  will  be  found  to  rest  indifferently  on  such  axis  or  pivot^  it 
any  position  in  which  it  may  be  placed. 

This  experiment  may  be  easily  performed  with  a  piece  of  card  or 
pasteboard.  The  centre  of  gravity  being  determined,  let  a  pin  k 
parsed  through  it,  and  it  will  be  found  that  the  card  will  rest  in  uf 
position  upon  the  pin. 

271.  fVhen  a  body  has  a  regular  JigurCj  Us  centre  of  magmluk 
is  ils  centre  of  gravity. — If  a  body,  being  of  uniform  density,  hiM 
any  regular  figure,  its  centre  of  granty  will  coincide  with  its  centA 
of  magnitude,  for  the  matter  composing  the  body  will,  in  such  caia^ 
be  symmetrically  arranged  round  that  point;  so  that  it  is  self-evidenli 
that  if  this  point  be  supported,  the  body  will  have  no  tendency  lo 
turn  in  any  direction  round  it. 

272.  Centre  of  gravity  of  a  sphere. — Thus,  for  example,  it  n 
evident,  without  experiment,  that  a  ball  or  sphere  of  uniform  den- 
sity, such  as  a  billiard-ball,  has  its  centre  of  gra\'ity  at  the  centre  of 
its  magnitude.  In  like  manner,  a  cube  has  its  centre  of  gravity  it 
the  point  where  straight  lines  joining  its  opposite  comers  would  in* 
terscct  each  other ;   that  is  to  say,  at  its  centre  of  magnitude. 

273.  If  a  body  have  a  symmetrical  axis,  the  centre  of  graviij^ 
xciJl  he  upon  it, — If  the  figure  of  a  body  be  such,  that  the  matfco 
composing  it  is  uniformly  distributed  round  any  line  passing  througli 
it,  its  centre  of  gravity  must  lie  in  that  line,  because,  if  it  be  sua 
ponded  by  a  string  in  the  direction  of  that  line,  it  will  remain  a 
rest;  since  the  gravity  of  its  particles,  acting  equally  on  every  sidi 
of  such  line,  will  have  no  tendency  to  move  it,  it  will  equilibrate. 

Thus,  it  is  evident  that  the  centre  of  gravity  of  a  cone,  being  d 
uniform  density,  must  bo  situate  in  its  axis;  that  is,  in  a  straight  lin 
drawn  from  the  point  of  the  cone  to  the  middle  of  its  base. 

In  the  sanib  manner  it  may  be  shown,  that  the  centre  of  gravit 
of  solids  of  an  oval  figure  will  be  in  the  axis  of  the  oval ;  the  centi 
of  gravity  of  a  cylinder  will  be  at  the  middle  point  of  iia  axis;  tl 
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of  gnvity  of  a  stnight  rod  of  imifiiiiii  ihiokiieflB  will  be  at 
Idle  point  of  its  loogth,  and  at  tke  oontre  of  ita  thiokneas. 
^It  vill  \m  eaaj,  in  tiik  and  all  ainiilar  oaaea,  to  ^oriff  the  concla- 
$mm^  by  fluiMiidiDg  the  body  in  the  manner  afaeadj  deaoribed. 
i;Si4.  €)nUrm  qf  gramiy  moi  ahpoyt  wUkm  ike  fedv.— The  centre 
if  gpmlj  of  n  bodj  ia  not  alwaja  jdaeed  within  its  dimensioDs. 
Ikna^  Ibr  eTample,  the  oentre  of  gnTity  of  a  hoop  is  at  its  centre, 
m  hmMfftmrj  poin^  whieh  doaa  not  oonatitnte  any  part  of  the  body 

like  mannflTy  in  all  hollow  bodiea  the  oentre  of  gnvity  »  an 
mrj  point.    Thna  it  la  in  the  oaitrs  of  a  hollow  sphere.    The 
of  gnmtj  of  an  empty  box  or  cask  ia  within  it^  at  an  imagi- 
pftor  point. 

%^n  n  pieoe  of  wiiei  which  when  atnu^t  haa  ite  cento  of  grarity 
iftite  niddla  point,  be  bmt  into  a  caned  ftnOi  its  cento  of  gravity 
d  bn  an  imtfinaiy  point  within  the  conea^  part  of  the  carve.  In 
pba  BHDDiier,  if  tiie  wne  be  bent  into  the  ibim  of  a  y,  the  centre  of 
^     '     will  be  an  imaginary  point  within  the  angle  of  the  v. 

e  eondnaiona  may  be  verifledi  and  the  cento  of  gravity  in  all 

eanaa  ftmd,  by  aoqiending  the  body  in  different  positions  in  the 

Mr  already  esphuned. 

t^Wb,  JfewtriJklem  ii  ktm  tie  smme  properties.  —  Although  the 

of  gnnilnr  in  sneh  cues  be  not  a  material  pcnnt,  and  not  in- 

wiudn  the  dimensioiia  of  the  body,  it  nevertheless  still  pos- 

tlMioe  propertiea  whieh  it  would  possess  were  it  actually  in- 

within  the  mass  of  the  body. 

Xo  verify  this  by  experiment,  let  ns  snppose  a  bar  of  metal  a  b, 

A'  ^'9  ^'^^  ^^  '^  curved  form.    Let  its 

Q  eento  of  gravity  be  determined  by  suspension. 

Whoi  supported  by  the  point  a,  let  A  o  be  the 

direction  of  the  plnmb-liney  and  when  support- 

ed  by  the  point  b,  let  b  d  be  the  direction  of 

'^^  the  plumb-line. 

B  ibDowa,  tfaerefbie,  that  the  point  o  within  the  concavity  of  the 

mnda  where  these  two  linea  intersect,  will  be  the  cento  of  gravity. 

lat  a  li|^  ailk  coid  be  attaohed  to  the  points  A  and  o,  and  stretched 

ti^  between  themi  and  let  another  silk  cord  be  stotched  between 

im  points  B  and  D  in  the  aame  manner.    Now  the  point  o,  where 

Asse  two  oords  eroas  each  other,  will  be  the  cento  of  gravity. 

Let  a  ooid  be  tied  to  the  junction  of  the  strings  at  o,  and  let 
lbs  vppcr  extremity  of  diis  eoM  be  attaohed  to  a  fixed  point,  so  that 
the  wire  may  be  thua  suspended.  It  will  be  found  that  in  this  case, 
the  hoop  of  wire  will  rest  in  equilibrium  in  any  position  in  which  it 
may  be  pbsed.  In  this  case,  the  weight  of  the  silk  string,  being 
— -i* — .  ^  eompaiison  with  the  wetghi  of  the  wire,  does  not  d\a- 


taib  the  MMvim  atih^  eeotn  cfgnntj,  which  still  remains  at  0. 
^  188 
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276.  Centre  of  grariltf  iakn  tha  lowest  position  compttfthie  «tl 
the  conditions  that  ttfect  the  body.  —  If  a  body,  without  beiog  abao- 
lutely  fixed  in  iis  position  bo  as  to  b«  i  in  moveable,  be  Deyertheloi 
partially  restrained,  eo  as  to  be  capable  of  Biovmg  only  under  certiia 
conditions,  or  within  certain  liniita,  then  the  centre  of  gravity  irill 
have  alwa^'s  a  tetidenoy  to  move  into  tbc  lowest  position  whicb  tho 
conditions  under  which  the  body  is  pkccd  will  admit  of;  and  in  ill 
cases  it  can  never  rctnuia  at  rebt  unlcM  its  line  of  direction,  that  it 
to  say,  a  vertical  lioo  pasj^ing  througb  it,  should  pass  through  a  point 
of  support. 

277.  Centre  cf  gravity  when  at  rest  rmtst  be  ahi>ays  above  or  he- 
low  a  point  of  support. — It  mny  thcr<?fore  be  asaumed  oa  a  principb 
of  the  highest  generality,  that  in  all  cai^cs  in  which  a  body  is  at  re$^ 
a  vertical  line  puasing  through  it^s  centre  of  gravity  must  also  pui 
through  a  point  of  support.  If  the  point  of  fsupport,  thcreforfp 
through  which  this  line  passes  be  placed  above  the  centre  of  gravitjf 
the  body  is  said  to  be  suspended ;  if  it  be  pUccd  below,  it  is  said  to 
be  supported. 

278.  Centre  of  graviiif  trhen  not  supported  oscillates. — If  &bodj 
be  suspended  from  a  fiscd  point  by  a  string,  it  will  remain  at  rest,  tt 
has  been  already  explained,  provided  its  centre  of  gravity  bo  placed 
in  a  vertical  line  under  the  point  of  support.  But  if  tho  body  U 
drawn  out  of  that  [wsitionj  so  that  the  centre  of  gravity  vill  beeo 
cither  side  of  such  vcrtltial  line,  then  the  body  when  disengnged  will 
fall  from  such  po^sition  to  the  vertical  Jine^  and  in  oonsequcuce  of  iti 

inertia  will  continue  its  motioi 
beyond  the  vertical  line  until  it 
conies  to  rest;  it  will  then  rfr 
tiirn  to  the  vertical  line,  attd 
thus  oscillate  fi^m  side  to 
side. 

279.  J?  pendulum. — Such  t 
body  constitutes  what  is  called 
the  pendulum, 

^t  Tyfg.  46.,  be  the  point 
of  suspension.  Ijet  p  b  repre- 
sent the  string,  and  c  the  cen- 
tre of  gravity  of  the  body.  Let 
the  weight  of  the  body  be  re- 
presented by  the  vertical  line 
11 'C  D.  Let  tliis  be  taken  as  tbt 
diagonal  of  a  parallclogramf 
one  of  whose  sides  0  ii  ia  in  the 
direction  of  the  string,  and  the 
other  c  I  at  right  angles  to  it 
The  weight  represented  faj  tk 


Fig.  46. 
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Jiagonal  will  thus,  by  the  resolntion  of  forces^  be  equal  to  two  forces, 
one  represented  by  c  n  and  the  other  by  c  i.  That  which  is  repre- 
sented by  G  H  expends  itself  in  pressure  on  the  point  of  suspension ; 
the  other,  represented  by  c  i,  will  cause  the  body  to  move  towards 
the  Yerti»d  line  P  v,  and  in  so  moving  the  centre  of  gravity  will  de- 
scribe the  circular  arc  C  O.  When  the  centre  of  gravity  arrives  at  G, 
it  will  be  in  the  vertical  line  P  V,  passing  through  the  point  of  sus- 
pension ;  and  if  the  body  were  at  rest  it  would  remain  there ;  but  on 
arriving  at  o,  the  body  has  a  certain  velocity  and  moving  force, 
which  it  will  retain  in  virtue  of  its  inertia,  until  deprived  of  it  by 
some  external  agency.  It  will  therefore  continue  to  move  to  the 
right  of  O,  and  the  centre  of  gravity  will  describe  the  circular  are 
Q  c'.  In  ascending  this  circular  arc,  the  force  of  gravity  has  a  ten- 
dency to  destroy  its  velocity. 

Let  the  weight  of  the  body,  as  before,  be  represented  by  the  ver- 
tical line  c'  d'  :  it  will  be  equivalent  to  the  twn  forces  represented  by 
c'  h'  and  c'  l'.  The  force  c'  li'  is  expended  in  pressure  upon  the 
point  of  suspension  p;  the  other  c' i'  bus  a  tendency  to  carry  the 
centre  of  gravity  c'  back  to  the  point  G,  along  the  circular  arc  c'  G. 
This  component  of  gravity,  while  the  body  moves  from  G  to  c',  gra- 
dually deprives  it  of  its  momentum,  and  if  the  momentum  be  en- 
tirely destroyed  at  the  point  c',  then  this  same  component  of  gravity, 
c'  l',  will  cause  the  body  to  return  along  the  circular  arc  to  the  point 
O.  In  this  manner  the  body  would  oscillate  continually  from  side  to 
side  of  the  vertical  line  PV,  the  centre  of  gravity  describing  alter- 
nately equal  arcs,  G  c  and  G  c'.  But  the  resistance  of  the  air  and 
other  impediments  have  a  tendency  continually  to  diminish  the  length 
of  the  arcs,  by  which  it  departs  from  the  vertical  line,  until  at  length 
the  body  loses  its  vibration  and  settles  itself  in  such  a  position  that 
the  centre  of  gravity  c  will  be  quiescent  in  the  vertical  line  p  v. 

280.  Conditions  which  del  ermine  the  stability  of  a  body.  —  The 
stability  of  a  body  resting  in  any  position  is  estimated  by  the  magni- 
tude of  the  force  required  t)  disturb  and  overturn  it,  and  therefore 
will  depend  on  the  position  of  its  centre  of  gravity  with  respect  to  the 


If  its  position  can  be  disturbed  or  deranged  without  raising  its 
centre  of  gravity,  then  the  slightest  force  will  be  sufficient  to  move 
it;  but  if  its  position  cannot  be  changed  without  causing  its  centre  of 
gravity  to  rise  to  a  higher  position,  then  a  force  will  be  ncccssjiry 
which  would  be  sufficient  to  raise  the  entire  weight  of  the  body 
through  the  height  to  which  ^'ts  centre  of  gravity  must  be  elevated ; 
for,  according  to  what  has  been  already  explained,  the  whole  weight 
of  the  body  may  be  considered  concentrated  at  its  centre  of  gravity. 

281.  Stabiiity  of  a  pyramid.  —  Let  B  A  c,  fg.  47.,  represent  a 
pyramid,  the  centre  of  gravity  of  which  is  G.  To  turu  this  over  the 
edge  B,  the  centre  of  gravity  must  be  carried  over  the  arc  g  £,  and 

1^& 
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must  therefore  be  mscd  through  the  height  H  £.  If^  however^  tk 
pyramid  were  taller  relative  to  iU  hase,  as  in^,  4S.j  the  height  hi, 
through  which  the  ceatro  of  gravity  would  have  to  be  elevated,  wonU 


Fig.  50. 


Fig.  47. 

be  proportionally  leas ;  and  if  the  baae  were  still  smaller  in  rcfer«art 
to  the  height^  as  iofg,  40,,  the  height  H  £  would  be  gLill  Ic^,  >od 
so  small,  that  a  vory  slight  force  would  throw  the  pyramid  over  the 
edge  B.  It  is  cvidont,  from  oxauiining  these  diagniiua,  that  the  prio- 
ciple  may  be  generalized,  and  that  it  may  be  stated  that  the  stabilitj 
of  any  body  dcpuud^,  other  things  being  the  same,  upon  the  disUnce 
of  the  line  of  dircttion  of  it^  ct'Otre  of  gravity  from  the  edges  of  iti 
base.  The  nearer  this  direction  is  to  one  edge  of  the  busCj  the  nun 
easily  will  the  body  be  turned  over  this  edge. 

282.  Case  in  which  the  line  of  direction  falls  ouistde  tkt  hoMt.^ 
If  the  line  of  direction  of  the  centre  of  gravity  fall  out«ida 
the  edge,  os  in  fg.  50.,  then  the  weight  of  the  body  coJi* 
ccntiiitod  at  q  will  be  uniiupportcdj  and  the  body  villfill 
over  its  edge. 

This  will  always  tuke  place,  if  the  body  be  not  attached 
to  the  ground  at  its  base;  but  it  happens,  iu  some  casei^ 
that  the  body  is  so  rooted  to  the  ground  at  its  base,  that 
it  will  resist  the  tendency  of  its  woigbt  to  make  it  fill, 
even  though  th<j  line  of  direction  of  its  centre  of  gravity  shottUfiU 
a  little  outside  iu  base.  Thus,  we  sec  trees  not  unfrequentlj  leuiii^ 
in  such  a  position,  that  their  centre  of  gravity  obvio^y  falls  outsdo 
the  limits  of  their  trunk.  Vet  the  trees  nevertheless  remain  staiwJ- 
ing,  the  tenacity  of  the  roots  nnd  their  hoJd  upon  the  aoil  being 
suthcicnt  to  resist  the  cfibct  of  their  weight  acting  at  tiid  ceDtx«  of 
gravity. 

28o.  Leaning  towers  of  Pisa  and  Bologna.  —  In  the  case  of  the 
celebrated  leaning  towers  of  Pisa  and  Bologna,  although  they  are  in- 
clined considerably  from  the  perpendicular,  the  lines  of  direction  of 
their  centres  of  gravity  still  fall  within  their  bases. 

The  tower  of  Pisa  is  315  feet  high,  and  it  is  inclined  so  that  if  a 
plumb-line  hang  from  the  side  towards  which  the  inclination  tika 
place,  it  will  meet  the  ground  at  12  ft.  4  in.  from  the  base. 

The  tower  of  Bologna  is  134  feet  high,  and  a  plumb-line  nmilaiiT 
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siupended  would  &11  at  9  ft.  2  in.  from  the  base.  Nevertheless, 
these  structures  have  stood,  and  will  probably  stand,  as  permanently 
as  if  they  were  erected  in  the  true  perpendicular,  for  the  line  of 
direction  of  their  centre  of  gravity  falls  sufficiently  within  the  base  to 
render  their  overthrow  impossible  by  any  common  force 
to  which  they  will  be  exposed. 

284.  Case  in  which  the  line  of  direction  falls  upon 
the  edge  of  the  base.  —  If  the  line  of  direction  of  the 
centre  of  gravity,  however,  fall  directly  upon  the  edge, 
as  in^^.  51.,  then  the  body  will  still  stand,  but  it  will 
Fig.  51.  be  in  a  condition  in  which  the  slightest  possible  force 
will  turn  it  over ;  as  in  this  case  it  can  be  overturned 
without  causing  the  centre  of  gravity  to  rise. 

285.  Stability  of  a  loaded  vehicle. — Hence  appears  the  principle 
upon  which  the  stability  of  loaded  carriages  or  wagons  depends. 
When  the  load  is  placed  at  a  considerable  elevation  above  the  wheels, 
the  centre  of  gravity  is  elevated,  and  the  carriage  becomes  propor- 
tionally unstable.  In  coaches  for  the  conveyance  of  passengers,  the 
luggage  is  therefore  very  unsafely  placed  when  collected  on  the  roof, 
as  is  generally  done.  It  would  be  more  secure  to  pack  the  heavier 
luggage  in  the  lower  parts  of  the  coach,  placing  light  parcels  on  the 
top;  for  in  such  case  the  centre  of  gravity  of  the  loaded  vehicle 
would  be  in  a  lower  position. 

Drays  for  the  conveyance  of  heavy  loads  are  often  constructed  in 
such  a  manner,  that  the  load  would  be  placed  below  the  axle  of  the 
wheels.  If  a  wagon  or  cart,  loaded  in  such  a  manner  that  its  centre 
of  gravity  shall  be  in  an  elevated  position,  pass  over  an  inclined 
road,  80  that  the  line  of  direction  of  the  centre  of  gravity  would  fall 
outside  the  wheels,  it  would  cause  the  vehicle  to  be  overturned. 

The  same  wagon  will  have  a  greater  stability  when  loaded  with  a 
heavy  substance  which  occupies  a  small  space,  such  as  metal,  than 
when  it  carries  the  same  weight  of  a  lighter  substance,  such  as 
bay,  because  the  centre  of  gravity  in  the  latter  will  be  much  more 
elevated. 

286.  Stability  of  a  table. — If  a  large  table  be  placed  upon  a  sin- 
gle leg  in  its  centre,  it  will  be  impracticable  to  make  it  stand  firm ; 
but  if  the  pillar  on  which  it  rests  terminate  in  a  tripod,  it  will  have 
the  same  stability  as  if  it  had  three  legs  attached  to  the  points  directly 
over  the  places  where  the  feet  of  the  tripod  rest. 

287.  Stability  of  a  body  supported  on  several  feet.  —  When  a 
solid  body  is  supported  by  more  points  than  one,  it  is  not  necessary 
for  its  stability  that  the  line  of  direction  should  fall  on  one  of  these 
points.  If  there  be  only  two  points  of  support,  the  line  of  direction 
must  fall  between  them.  The  body  is  in  this  case  supported  as  effect- 
ually as  if  it  rested  on  an  edge  coinciding  with  a  straight  line  drawn 
from  one  point  of  support  to  the  other.     If  there  be  three  points  of 
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nzpport,  which  ire  noc  nnged  in  the  ame  ataUkt  fiasy  dw  boif 
wi.i  be  sapp«jrted  in  the  same  manner  m  it  would  De  bj  m  beie  ecb- 
ciiicz  w::h  ihe  triangle  f  :nned  bj  stni^t  liaei  joniag  die  thm 
poinri  •::  support.  In  the  same  manner,  whatever  be  tbe  nomberot 
yAwji  on  wli ion  rlie  boiv  rests,  ics  Tirmal  base  will  be  found  by  s^ 
p  >i:i/  ?-rJjL'  11  r.-.?  dnvn.  joLninz  the  seTcral  prants  of  suf^poit 
Wl.-.:!  :1-.j  .:r.;  •:[  iir-rodra  flulj  within  thi:i  hue,  the  body  will 
&l7av=  r^il  Lrrs ;  ani  ouiervi^e  not.  The  degree  of  stabiliCj  ii 
(LrjiKtm::.'-!  in  :Le  same  manner  a^  if  the  base  were  m  continued  «b^ 

ii^S.   Gt4turis  and  motions  of  animals  gaterned  by  tke  dirediM 

of  the  centre  of  grarxty. — Ail  the  aititndcd,  gestures,  and  movementi 

•:;'  animali  are  goyemed  with  reference  to  ^ 

cen:re  of  gravity  of  their  bodies.    When  a  nil 

standi,  the  line  of  direction  of  his  weight  mot 

f;ill  within  the  base  formed  by  his  feet    If  Al) 

c  D  (ns-  5'2.)  be  the  feet,  this  base  is  the  spiee 

A  B  D  c.     It  is  evident  that  the  more  his  toei 

F:;.  52.  arc  tumo<i  outwanb,  the  more  contracted  the 

hase  ^rlil  be  in  the  direction  £  F,  and  the  mere 

liable  he  will  be  to  fall  backwards  or  forwards.     Also,  the  closer 

his  foet  are  together,  the  more  contracted  the  base  will  be  in  the 

direction  G  ii,  and  tht;  more  liable  he  will  be  to  &I1  towards  either 

side. 

1^80.  Motion  of  the  centre  of  gravity  when  a  person  walks.  ^ 
When  a  luan  wulks,  the  legs  are  altcniarely  lifted  from  the  ground, 
and  the  cf.ntrc  of  gravity  is  either  unsupported,  or  thrown  from  the 
one  sido  or  the  other.  The  body  is  also  thrown  a  little  forward,  in 
order  that  the  tendency  of  the  centre  of  gravity  to  fall  in  the  diree- 
tion  of  the  toes  may  assist  the  muscular  action  in  propelling  the 
body,  This  forward  inclination  of  the  body  increases  with  the  speed 
of  the  motion. 

J^ut  fur  the  flexibility  of  the  knee-joints,  the  labor  of  walking 
would  Ikj  much  greater  than  it  is,  for  the  centre  of  gravity  would  be 
more  elevated  by  each  step.  The  line  of  motion  of  the  centre  of 
gravity  in  walking  is  represented  by^.  53.,  and  deviates  but  little 
from  a  regular  horizontal  line,  so  that  the  elevation  of  the  centre  of 
^gravity  is  subject  to  very  slight  variation. 


Fiff.  53.  Fig.  54. 

^  ^f  knee-joint  shown  by  the  effect  of  wooden  legs,  —  Bui 

\  knee-joint^  as  when  a  man  has  wooden  leoiL  the 
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oentre  of  gravity  would  move  as  in  fig,  54.,  bo  that  at  each  step  the 
weight  of  the  body  would  be  lifted  through  a  more  considerable  height^ 
•nd  therefore  the  labour  of  walking  would  be  much  increased. 

If  a  man  stand  on  one  leg,  the  line  of  direction  of  his  weight 
must  fall  within  the  space  on  which  his  foot  treads.  The  small  ness 
of  this  space,  compared  with  the  height  of  the  centre  of  gravity, 
accounts  for  the  difficulty  of  this  feat. 

291.  Position  of  centre  of  gravity  changes  with  every  change  of 
posture. — The  position  of  the  centre  of  gravity  of  the  body  changci 
with  the  posture  and  position  of  the  limbs.  If  the  arm  be  extended 
from  one  side,  the  centre  of  gravity  is  brought  nearer  to  that  side 
than  it  was  when  the  arm  hung  perpendicularly.  When  dancers, 
standing  on  one  leg,  extend  the  other  at  right  angles  to  it,  they  must 
incline  the  body  in  the  direction  opposite  to  that  in  which  the  leg  is 
extended,  in  order  to  bring  the  centre  of  gravity  over  the  foot  which 
supports  them. 

292.  Porter  carrying  a  load. — "When  a  porter  carries  a  load,  his 
position  must  be  regulated  by  the  centre  of 
gravity  of  his  body  and  the  load  taken  together. 
If  he  bore  the  load  on  his  back,  the  line  of  di- 
rection would  pass  beyond  his  heels,  and  he 
would  fall  backwards.  To  bring  the  centre  of 
gravity  over  his  feet,  he  accordingly  leans  for- 
ward (fig.  55). 

If  a  nurse  carry  a  child  in  her  arms,  she  leans 
back  for  a  like  reason. 

When  a  load   is  carried  on  the  head,  the 
bearer  stands  upright,  that  the  centre  of  gravity  may  be  over  his  feet. 

293.  Walking  up  or  doicn  a  hill.  — 
In  ascending  a  hill  we  appear  to  incline 
forward,  and  in  descending  to  lean  back- 
ward ;  but,  in  truth,  we  are  standing  up- 
right with  respect  to  a  level  plane.  This 
is  necessary,  to  keep  the  line  of  direction 
between  the  feet,  as  is  evident  from  fig. 
56. 

294.  Rising  from  a  chair.  —  A  per- 
son sitting  on  a  chair  cannot  rise  from  it 
without  either  stooping  forward  to  bring 

the  centre  of  gravity  over  the  feet,  or  drawing  back  the  feet  to  bring 
them  under  the  centre  of  gravity. 

If  a  person  stand  with  his  side  close  against  a  wall,  his  feet  being 
close  together,  he  will  find  it  impracticable  to  raise  the  outside  foot, 
for  if  he  did,  the  line  of  direction  of  the  centre  of  gravity  of  hh 
body  would  fiill  outside  the  inner  foot^  and  he  would  be  unsup- 
ported. 
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295.  Cau  of  quadrupeds. — When  a  quadruped  stimdft  with  lui 
four  feet  on  the  ground,  the  centre  of  gniTity  of  hie  bodj  ia  over « 
point  found  by  druwiug  the  two  diagonals  of  the  quadn lateral  form- 
ed by  his  feet ;  that  ia  to  any,  if  a  line  be  drawn,  joining  bis  right 
fore  foot  with  his  kft  hind  foot,  and  another  joining  his  left  fore  fiKit 
with  his  right  hind  font,  then  the  centre  of  gravity  of  his  body  ifill 
be  very  nearly  over  tlie  point  where  these  lines  crosa  each  other. 
Strictly  speaking,  it  will  generally  be  a  little  nearer  to  his  fore  f«t 
than  this  point.  It  willj  however,  Btill  be  very  nearly  on  the  centre 
of  the  qua(drilat<jral  base  formed  by  hia  four  feet ;  and,  tbereforCj  ia 
a  position  to  give  complete  stability  to  the  animah 

When  a  quadmped  walk^^  he  raises  bis  right  fore  and  left  bind 
foot  (the  funner  leaving  tLc  ground  a  little  before  the  latter),  the 
diagonal  line  joining  bi^  left  fore  foot  and  right  hind  foot  supportiD| 
bis  weight.  The  centre  of  gravity  of  bis  body  is  a  little  in  adraDoe 
of  this  line ;  and  hiA  gravity,  therefore^  assists  his  forward  niotioDi. 
The  loft  fore  foot  ii*  raiaed  a  moment  before  the  loft  bind  foot  i» 
brought  to  the  grifuiid,  and,  in  like  manner,  the  right  hind  fool  ii 
raised  immediately  after  tho  right  fore  foot  comes  to  the  ground 
.  The  effect  of  these  motions  is,  that  the  weight  of  the  animal  is 
thrown  alternately  upon  the  two  diagonal  lines  joining  the  right  fore 
and  left  hind  foot,  and  tho  left  fore  and  right  hind  foot. 

When  a  quadruped  trots,  he  also  raises  his  legs  fi-om  the  ground, 
altcruut<dy,  by  pairs,  placed  diagonally ;  but  in  this  case  the  two  feet 
leavo  the  ground  and  return  to  it  precisely  together,  and  each  pair 
springs  from  the  ground  a  moment  before  the  other  pair  returns  to  it, 
so  that  there  are  short  intervals  between  the  successive  returns  of  the 
feet,  by  pairs,  to  the  ground,  during  which  the  entire  body  is  unsup- 
ported. The  weight  is,  in  these  intervals,  projected  upwards  by  the 
spring  of  the  legs,  so  that  the  centre  of  gravity  of  the  body  describe! 
a  succession  of  arcs  concave  towards  the  ground.  It  is  this  motion 
of  the  body  which  produces  the  action  susitaiued  by  the  rider  of  a 
horse  in  trotting. 

When  a  quadruped  gallops,  he  raises  simultaneously  Lis  two  fore 
legs,  and  by  the  muscular  action  of  his  hind  legs  he  projects  his 
weight  forwards.  During  the  si)ring  the  centre  of  gravity  is  unsop- 
l)ortedj.but  is  thrown  forward,  describing  a  circular  arc,  concave  to- 
wards the  ground. 

When  this  arc  has  been  completed,  the  fore  legs  reach  the  ground, 
and  immediately  afterwards  the  hind  legs ;  and  the  centre  of  gravity 
is  again  momentarily  supported,  and  the  animal  is  in  an  attitude  to 
repeat  the  same  action. 

29G.  ^  cylinder  rolled  on  a  level  plane.  —  If  a  cylindrical  body 
of  uniform  density  be  placed  upon  a  horizontal  plane,  A  B,  Jig,  57., 
its  centre  of  gravity  being  its  centre  of  magnitude  c,  tho  lino  of  di- 
rection G  P  will  necessarily  meet  the  phine  at  the  point  when  tkl 
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cgrlioder  tooohet  il^  and  tha  fcody  iriD  mi» 
qoandy  mmttii  al  rett    If  Iha  oflinder  be 

nlled  opon  the  planey  liie  eentre  of  gimTiiy 

will  bi  coxiad  in  m  honoDtel  Una,  pandld 

to  tha  plana  imnaentedlijtliadoMad  line  in 
B    the  figure,    ranoe,  ther^brey  in  thia  no- 
Fig.  97.  tioo  tto  eentre  of  giati^  doea  not  rise,  any 

Ibroa  api^ied  to  the  DodVy  however  alicbt,  will 
it  to  move^  rinee  no  davatioo  of  ita  weight  ia  requirecC  But, 
I  other  hand,  the  body  will  have  of  iteelf  no  tendency  to  ohange 
laitioa,  became  the  eentre.  of  gnmty  ia  not  only  aapportedi  but 
laa  bj  no  ehanga  of  the  body  can  it  aanime  a  lower  poaition. 
17.  Am  eliUpiie  hodk  an  a  level  pianc-r-^If  a  board  of  nnifonn 
flj^  be  cot  into  the  rarm  of  an  ellipae  A  b,  Jig,  58.,  and  be  fdaoed 
npoo  a  level  aaruoe  D  s,  with  the  longer  axis 
▲  BDf  the  ellipae  parallel  to  the  amfiweBX,  the 
eentre  of  giavitf  o  will  then  be  vertically  over  the 
point  p,  at  whioh  the  board  tooohea  the  anr&oe, 
and  the  body  will  be  aapported  at  reat  If  the 
body  be  diaterbed  aligbtlv  from  Una  poaition,  the 
"^  ^  end  Abeing  depreand and  the  end  b  elevated,  then 
fta  eentre  d  mmtj  o  will  m  elevated  towarda  the  point  o;  and  if, 
an  the  other  hand,  the  end  b  be  depreand  and  the  end  a  elevated, 
fta  the  eentre  of  giainty  will  be  raised  towarda  the  point  o'.  In 
after  oae,  thia  elevttKion  of  the  centre  of  gravity  will  require  the 
inBeation  of  aneh  a  fiffoe  as  would  be  au&ient  to  raise  the  body 
ma|jh  that  hdght^  whatever  it  be,  throueh  which  the  centre  of 
nitj  haa  been  elevated;  and  if,  after  warn  elevation,  the  body  be 
WMMigfid,  and  Idt  to  the  free  action  of  ^vity,  the  centre  of  grav- 
is will  deacend  to  the  loweat  posnble  position,  that  ia  to  say,  to  the 
fSBlioa  repnaented  in  the  figue,  and  will  oaoillate  from  aide  to  side 
rf  thia  poaition  nntil  die  vibrating  motion  be  deatroyed  by  the  resiBt- 
«HB  of  the  «r  Mid  b^  friction. 

The  cantra  of  gravity  will  then  reat  in  the  poaition  represented  in 
At  tfgue. 
Let  na  now  ai^poae  that  the  aame  board  ia  placed  on  the  horizontal 
^ane  O  b,  with  its  longer  axia  vertical,  as  represented  in 

Tb»  line  of  direction  OP  of  the  centre  of  gravity  will 
now  paaa  through  the  point  of  anpport  of  the  body,  and 
conseaoently  the  board  will  be  aqraorted.    But  if  in  thif 
caaa  tlie  body  be  dii^tly  turned  from  ita  position  to  tk 
xi^t  or  to  the  le^the  oentre  of  gravity  will  descend  U 
^waida  O  or  towarda  o'l  and  cannot  resume  the  origin 
'^  ^    pcrilioD  aft  0  until  a  force  be  amdied  to  it  which  would  ' 
-^'^— 'I  to  MM  A0  wmgti  of  the  body  UmaA  the  heigVit  tonV 
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the  centre  of  gravity  has  fHllen.  It  is  evident,  therefore,  that  in  tlui 
case,  if  the  position  of  equilihrium  c  P  be  disturbed  in  the  slightest 
degree  by  inclining  the  body  a  little  either  to  the  right  or  the  left^ 
the  centre  of  gravity  will  move  downwards,  and  the  body  will  M 
until  it  take  the  position  represented  in  Jig,  58.,  with  its  long  axij 
horizontal. 

208.  Stable,  unstable,  and  neutral  equilihrium,  —  Now  it  will  Ik 
observed,  that  in  each  of  the  three  cases  represented  in  Jigs.  57., 
58.,  and  50.,  there  is  equilibrium,  but  this  equilibrium  is  cha^lcte^ 
izcd  in  each  case  by  particular  conditions. 

200.  Criterion  of  stable  equilibrium, — Tn  the  case  represented  in 
Jitr,  i)S.y  the  equilibrium  is  called  stable,  because,  if  it  be  deranged 
citiicr  to  the  right  or  to  the  left,  the  body  will  of  itself  return  to  it, 
and  settle  definitively  into  it  after  some  oscillation,  the  centre  of 
gravity  resuiniiig  its  position  over  the  point  P.  This  position  of 
stable  eqiiilibriuin  is  determined  by  the  condition,  that  no  change  of 
]>osition  can  take  place  in  the  body  without  causing  an  elevation  in 
the  centre  of  gravity;  or,  what  is  the  same,  it  is  that  position  in 
which  the  centre  of  gravity  is  at  the  lowest  point  it  is  capable  of 
assuming  consistently  with  the  conditions  under  which  the  body  ii 
place<l. 

The  state  of  equilibrium  represented  in^^.  50.  is  called  unstahlff 
or  tottf'ring  equilibrium.  It  is  such  a  state  of  equilibrium,  that  if 
the  sli«jrliti;.st  deningement  takes  place  in  the  position  of  the  centre 
of  gravity,  it  will  not  return  to  the  same  point,  but  the  body  will 
assume  another  position,  in  which  the  centre  of  gravity  will  be  in  a 
ctate  of  stnble  equilibrium,  as  represented  in  Jii^.  58. 

300.  Criterion  of  unstable  equilibrium.  —  Unstable  oquilibrinm, 
then,  is  characterized  by  the  quality  that  the  centre  of  gravity  is  at  the 
highest  point  which  it  can  assume  compatibly  with  the  conditions  in 
which  the  body  is  placed ;  and  altliough  it  is  vertically  over  the  point 
of  support,  it  is  uevertiieless  in  such  a  coii'lition  that  the  slightest 
derangement  will  cause  it  to  descend,  and  the  body  to  bo  overturued. 

301.  Criterion  of  neutral  equilibrium.  —  The  case  represented 
in  Jif/.  57.  is  an  intermediate  condition  between  these  two  extreme?, 
and  is  called  the  st:ite  of  neutral  equilibrium.  It  is  neither  stable 
nor  unstiible.  It  is  not  stable,  because  the  slightest  forco  applied  to 
the  body  will  permanently  change  its  position,  it  is  not  unstaole,  be- 
ciiuse  the  body  will  not  be  overturned  by  the  action  of  its  own  weighty 
however  its  position  may  be  changed. 

302.  Example  I. —  Children  s  toys.  —  The  effects  of  a  variety 
of  children's  toys  are  explained  by  this  principle.  The  centre  of 
gravity  is,  by  loading  one  extremity  in  a  manner  not  perceptible  to 
the  eye,  moved  to  a  considerable  distimce  from  the  centre  of  magni- 
tude. The  object,  therefore,  will  only  stand  when  the  point  which 
IB  the  real  centre  of  gravity  is  in  the  lowest  position. 
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Thus,  a  figure  made  of  some  light  substance,  sncb  as  elder  pith  or 
oork,  has  a  piece  of  lead  attached  to  one  of  its  extremities.  If  it  be 
placed  on  the  other  extremity,  the  end  being  rounded,  it  will  nppa- 
nntlj,  by  a  spontaneous  movement,  invert  its  position,  and  a  sort  of 
tambler  will  be  formed. 

303.  Example  II.  —  Feats  of  public  exhibitors, -—^lany  of  the 
feats  exhibited  by  sleigh t-of-hand  performers  are  ezpL-iinod  I)}'  tbo 
principles  of  stable  and  unstable  equilibrium.  If  any  object,  sii<h  as 
m  Bwordy  be  supported  on  its  point,  it  will  be  in  unstable  equilibrium 
60  long  as  its  centre  of  gravity  is  directly  over  its  point ;  but  ns  it 
cannot  be  maintained  precisely  so,  the  finger  or  other  support  of  the 
punt  is  moved  slightly  in  one  direction  or  another,  so  as  to  koep 
nearly  under  the  centre  of  gravity,  and  to  check  the  tendency  of  the 
ivord  to  £all  on  the  one  side  or  on  the  other. 

But  these  and  similar  feats  are  prodigiously  facilitated  if  the  object 
thus  balanced  is  made  to  spin  upon  its  point ;  for  in  that  ca.sc  the 
eentre  of  gravity,  though  not  vertically  over  the  point  of  support,  is 
eontinually  revolving  round  a  vertical  line  passing  through  the  pc)int 
of  support,  and  the  tendency  which  it  has  at  one  moment  to  make 
the  body  fall  on  one  side  is  instantly  checked  by  a  contrary  teudeiicy 
when  the  revolving  centre  of  gravity  passes  to  the  opposite  siilc. 

304.  Example  III.  —  Spinning-top.  —  It  is  in  this  manner  that 
the  common  effect  of  a  spinning-top  is  explained.  It  would  be  quite 
impracticable  to  make  the  top  stand  on  its  point  if  it  did  not  revolve, 
or  if  it  revolved  very  slowly ;  but  if  it  have  a  very  rapid  motion  of 
gyration,  then  it  will  stand  steadily  on  its  point. 

It  may  be  asked  how  the  rapidity  of  the  gyration  affects  the  quos- 
tioD.  This  is  easily  explained.  If  the  centre  of  gravity  revolve 
xoond  the  line  so  slowly  that  the  time  taken  in  half  a  revolution  is  so 
eonsiderable  as  to  allow  it  to  fall  to  any  considerable  depth,  then  it 
onnot  recover  itself  when  it  passes  to  the  other  side;  but  if  the  re- 
volution be  so  rapid  that  half  the  time  of  one  gyration  is  so  snial! 
that  the  centre  of  gravity  cannot  fall  through  any  sensible  height, 
the  top  will  maintain  its  position. 

305.  Example  IV. —  Object  spinning  on  point  of  a  sword. — 
Public  exhibitors  place  a  circular  plate  on  the  point  of  a  sword,  the 
point  being  placed  as  near  the  centre  of  the  plate  as  posj^ible.  But, 
however  near  the  centre  it  may  be  placed,  it  is  not  always  possible  to 
eDsure  its  coincidence  with  the  centre  of  gravity  of  the  plate.  If  in 
thid  case  the  plate  were  at  rest  on  the  point  of  the  sword,  it  would 
not  be  balanced,  but  would  incline  and  fall  on  that  side  on  which  tho 
centre  of  gravity  would  lie.  The  exhibitor,  therefore,  prevents  this 
effect  by  giving  to  the  plate  a  rapid  motion  on  the  point  of  tho 
Bword.  The  centre  of  gravity  of  the  plate  rapidly  moves  in  a  small 
circle  round  the  point  of  support^  and  its  tendency  at  one  moiuout  to 
fall  down  on  one  aide,  is  checked  the  next  moment  by  a  contniT^  \ATi* 
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Fig.  60. 


dency  to  fall  down  on  the  other  side,  and  the  plate  aoooxdingly  npm 
rapidly  on  the  point 

806.  Example  V.  —  Cases  in  which  centre  of  gravity  $eem$  t§ 
etaeend.  —  In  some  cases,  the  centre  of  gravity  of  a  body  apparent!/ 
ascends ;  but  this  is  always  deceptive,  and  its  ml 
motion  is  invariably  a  descending  one.  Let  a  cylin- 
der of  wood,  A  B,  jig.  60.,  be  pierced  bj  m  hole  o 
near  its  surface  b,  and  let  a  cylinder  of  lead  be 
inserted  in  this  hole.  The  centre  of  gravity  of  the 
mass  will  then  be,  not  at  its  centre  of  magnitode, 
but  between  that  point  and  the  centre  of  Uie  cylin- 
der of  lead  which  fills  the  hole  o,  and  will  not  be  &r 
removed  from  the  centre  of  the  lead,  in  conseqnenee 
of  the  great  comparative  weight  of  that  snbetance. 

If  such  a  cylinder  as  this  be  placed  upon  an  in- 
clined plane  m  N,^g.  61.,  in  such  a  position  that  the 
line  of  direction  o  B  of  the 
centre  of  gravity  shall  M 
above  the  point  of  oontaet 
29  p  of  the  cylinder  with  the 
plane,  the  cylinder  will  roll 
np  the  plane,  because  ita 
weight  concentrated  at  the 
centre  of  gravity  o,  acting 
downwards  in  the  line  o  B, 
will  have  a  tendency  to  d^ 
scend  towards  the  plane, 
and  will  so  descend,  causif 
the  body  to  roll  towards  n  ;  and  it  will  continue  to  descend  until  the 
cylinder  take  such  a  position  that  the  line  of  direction  of  the  centre 
of  gravity  o  b  shall  pass  through  the  point  of  contact  of  the  cylinder 
with  the  plane. 

In  these  and  similar  cases,  although  the  general  mass  of  the  body 
rises,  the  particular  part  occupied  by  its  centre  of  gravity  falls ;  thst 
point  in,  in  effect,  simultaneously  affected  by  two  motions,  one  pro- 
duced by  the  progressive  motion  of  the  cylinder  up  the  plane  from  X 
to  N,  and  the  other  by  the  motion  of  revolution  of  the  cylinder  round 
its  centre  c.  In  virtue  of  the  former,  the  centre  of  gravity  would 
rise ;  and  in  virtue  of  the  latter,  it  would  fall.  The  effect  of  the 
latter  predominates  until  the  centre  of  gravity  comes  into  the  verdcal 
line,  paijsing  through  the  point  of  contact  of  the  cylinder  with  the 
plane. 

307.  Example  VI.  —  Case  of  a  globe  rolled  np  an  inclimd 
plans  by  a  person  treading  on  it.  —  A  case  of  the  ascent  of  tha 
centre  of  gravity  is  sometimes  prorlncod  by  public  exhibitors,  the. 
exphna^on  of  which  may  liere  be  found  instructive.     The  ezhflutflr 
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plfeoes  ft  fphere  of  wood  upon  mn  inclined  plane,  and  standing  upon 
it^  he  plaoes  hii  feet  on  that  aide  of  the  centre  which  ia  towaraa  the 
eloTfttion  of  the  pkne.  Immediately  the  globe  boginB  to  roll  np  the 
plane,  and  the  exhibitor,  by  moving  his  feet  so  as  to  keep  them  stUl 
near  the  highest  point  of  the  globe,  but  still  on  the  side  next  the  ele- 
vation of  the  plane,  the  globe  continues  to  roll  up  the  plane,  the  ex- 
hibitor dexterously  maintaining  his  position  as  here  described. 

In  this  case  there  is  a  real  ascent  of  the  common  centre  of  gravity 
of  the  globe  and  the  body  of  the  exhibitor.  Now  the  question  is, 
What  mne  in  this  case  produces  this  ascent  ?  for  it  is  evident  that  in 
the  time  durinff  which  it  rolls  to  the  top  of  the  plane,  the  entire 
weight  of  the  ^obe  and  the  body  of  the  exhibitor  has  been  elevated 
through  a  perpendicular  space  equal  to  the  height  of  the  plane. 

The  force  which  accomplishes  this  is  the  muscular  action  of  the 
feet  of  the  exhibitor  upon  the  surface  of  the  globe.  As  the  globe 
rolls  up  the  plane,  if  the  feet  of  the  exhibitor  pressed  upon  the  same 
point  of  its  surface,  they  would  descend ;  and  in  that  case  the  com- 
mon centre  of  eravity  of  the  globe  and  the  body  of  the  exhibitor, 
instead  of  ascending,  would  in  fi^t  descend,  until  the  feet  of  the  ex- 
hibitor would  sink  down  to  the  sur&ce  of  the  plane ;  but  this  is  pre> 
vented  by  the  feet  of  the  exhibitor  continually  stepping  backwards 
upon  the  sur&ce  of  the  globe,  so  as  to  stand  near  the  top ;  and  thus, 
bj  movinff  his  feet  on  the  globe  backwards  continually  towards 
Iba  top  of  it^  the  exhibitor  elevates  the  centre  of  gravity  of  his 
bodjy  while  the  action  of  his  feet  upon  the  globe  causing  it  to 
toll  np  the  plane  at  the  same  tune,  raises  the  centre  of  gravity  of  the 

808.  Centre  of  graoUy  ofjlvids.  —  In  all  that  we  have  stated 
nspeeting  the  centre  of  gravity,  we  have  supposed  the  body  to  be 
solid ;  but  this  quality  also  plays  an  important  part  in  the  phenomena 
of  flmds.  The  centre  of  gravity  of  a  fluid  mass  is  determined  by  the 
same  conditions  as  if  it  were  solid.  It  is  that  point  which  wonld 
h»Ye  tiM  properticB  already  defined,  if  the  fluid  mass  were  supposed 
to  be  eonfleaied. 

Thus  Uie  centre  of  gravity  of  the  water  forming  a  lake  is  that 
point  which  would  have  the  properties  already  explained,  if  the  wsp 
ter  of  the  lake  were  converted  into  a  mass  of  ice.  It  will  appear 
hereafter,  however,  to  possess,  in  reference  to  fluid  bodies,  many  im- 
portant characters. 

309.  Cenlre  of  gravity  <f  ttDO  separaU  bodies.  —  The  eentre  of 
mvity  of  two  separate  ainl  mdependent  bodies  is  that  point  between 
them  which  would  possess  the  characters  already  defined,  if  the  two 
bodies  were  united  by  a  straight  and  inflexible  rod  which  is  itself  de- 
void of  weight 

This  point  may  be  determined  by  a  very  idmple  mathematical  pro- 
Let  the  centres  of  cravity  of  the  two  bodies  in  question  be 
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conceived  to  be  connected  bj  a  straigbt  line,  and  let  a  point  be  fonni 
upon  thb  straight  line  which  shall  divide  it  into  two  paitii,  which 
shall  be  in  the  inverse  proportion  of  the  weights  of  the  two  bodici 
Then  this  point  will  be  their  common  centre  of  gravity. 

Thus  let  A  and  ^,fg.  62.,  be  the  two  bodies,  and  let  a,  6  be  then 
centres  of  gravity.     I^w  the  line  a  b,  and  take  upon  it  m  point  o^ 

such  that  b  c,  shall  bear  to  a  c  the 
A.  same  proportion  as  the  weight  of 

''^  ^  A  bears  to  the  weight  of  B.    In 


e 


i^y     c  ""       ^^^  ^^*®®>  ^  ^^^^  ^  *^®  centre  of 

gravity  of  the  two  bodies.     Now 

^*^*  ^^-  if  the  line  a  b  were  a  rigid  rod 

devoid  of  gravity,  the  point  c  would  have  all  the  properties  which 

have  been  already  explained  as  belonging  to  the  centre  of  gravity; 

thus,  the  bodies  would  balance  themselves  on  c  in  any  position. 


CHAP.  VII. 

CENTRIFUGAL    FORGE. 

810.  Force  consequent  on  a  rotatory  motion,  —  If  a  ball  of  metd 
or  other  heavy  substance,  placed  upon  a  smooth  and  level  surfiioe,  be 
attached  to  the  extremity  of  a  string,  the  other  extremity  of  whidi  ii 
fastened  to  a  fixed  point  upon  the  surface,  and  then  whirled  round  in 
a  circle,  it  is  known,  by  universal  and  constant  experience,  that  the 
string  will  be  stretched  with  a  certain  force,  which  will  be  augmented 
as  the  velocity  of  the  whirling  motion  is  increased,  or  as  the  string  ii 
lengthened. 

That  such  force  is  not  produced  by  gravity  is  evident,  inasmuch  ii 
the  level  surface  upon  which  the  body  moves  supports  its  weight 

311.  Centrifugal  force.  —  This  force,  which  always  attends  ma^ 
ter  that  is  moved  round  a  centre,  in  what  manner  and  under  whal 
form  soever  the  motion  be  produced,  is  called  centrifugal  force^  be* 
cause  it  is  manifested  by  a  tendency  of  the  matter  which  revolvee  to 
recede  from  the  centre  of  revolution  ]  this  tendency  in  the  caae  josl 
mentioned  being  manifested  by  the  force  with  which  the  string  con- 
necting the  body  with  the  fixed  point  is  stretched.  This  tension  re* 
eists  the  tendency  of  the  ball  to  fly  from  the  centre,  and  is  tberefon 
the  measure  of  its  centrifugal  force. 

812.  Centrifugal  force  a  consequence  of  inertia,  —  That  centri- 

fui^al  force  is  a  mere  cficct  of  the  inertia  of  matter,  may  be  easily 

It  has  been  already  explained,  that  in  virtue  of  its  ineitii, 

if  in  motion,  can  only  move  uniformly  in  a  straight  line.    H 
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ULnnefbre,  it  be  deflected  from  one  straight  line  into  another  Btraigbt 
liiie,  it  must  be  by  the  action  of  some  force  impressed  upon  it  at  the 
moment  of  deflection ;  and  if  a  body  be  continually  deflected  from  a 
straight  direction,  which  it  must  be  if  it  move  in  a  curve,  then  such 
body  must  be  under  the  operation  of  a  force  continually  acting  upon 
ity  producing  such  incessant  chanee  of  direction. 

Let  P,Jig'  63.,  be  the  fixed  point  to  which  the  string  is  attached* 

Let  A  be  Uie  ball,  and  let  a  c  f  be  the  circle  in  which  the  ball  is 

whirled  round.     Let  A  c  be  a  small  arc  of 

01^^,^^  this  circle  moved  over  in  a  given  interval 

^     ^S^^        of  time.     Starting  from  A,  the  motion  of 
>w     the  ball  has  the  direction  of  the  tangent 
\   A  D  to  the  circle,  and  it  would  move  from 
\  A  to  D  in  the  given  interval  of  time,  if  it 
^  I  were   not  deflected   from  the  rectilinear 

I  course ;  but  it  is  deflected  into  the  diago- 
/  nal  A  c,  and  this  diagonal,  by  the  compo- 
y     sition  of  forces,  is  equivalent  to  two  forces 
^^^^/        represented  by  the  sides  A  D,  A  b.    But  the 
F  motion  a  D  is  that  which  the  bodv  would 

Fig.  63.  have  in  virtue  of  its  inertia ;  and  therefore 

the  force  A  b,  directed  towards  the  fixed 
point  P,  is  that  which  is  impressed  upon  it  by  the  tension  of  the 
string,  and  which,  combined  with  the  motion  A  d,  causes  it  to  move 
in  the  diagonal  a  c. 

The  tension  of  the  string,  therefore,  is  in  fact  a  force  directed  to 
the  centre  P,  which  contin^ly  deflects  the  body  from  the  tangent  to 
the  circle  in  which  it  has  a  constant  tendency  to  move  in  virtue  of  its 
inertia. 

313.  Method  of  calculating  centrifugal  force,  —  It  follows  from 
the  elementary  principles  of  geometry,  that  the  space  A  B,  which  is 
that  which  represents  the  force  of  the  string  upon  the  ball,  or  the 
centrifugal  force,  and  which  is  in  fact  the  space  through  which  the 
body  is  moved  in  a  given  small  interval  of  time  by  the  tension  of  the 
string  which  measures  the  centrifugal  force,  is  found  by  dividing  the 
square  of  the  number  representing  a  c  by  the  number  representing 
the  diameter  A  F  of  the  cirele,  or  twice  the  length  of  the  string  A  P. 
But  A  0  being  the  space  described  in  a  given  time  by  the  revolving 
body,  is  its  velocity. 

If  we  would  then  compare  the  centrifugal  force  of  the  body  withk 
ite  weight,  we  have  only  to  compare  the  space  which  the  body  would 
be  moved  through  by  tiie  centrifugal  foroe  acting  alone  upon  it,  ?rith 
the  space  which  gravity  would  move  the  same  body  through  acting 
equally  alone  upon  it 

Let  OS  then  express  the  physical  quantities  involved  in  this  que»- 
tion  as  follows : 
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W  =  the  weight  of  the  revolring  body. 
0  =s  it»  centi^ugal  fcmse. 
Y  =s  its  velocity  in  feet  per  second. 
B  s=  length  of  string  in  feet. 

g  =  16,Jir  feety  being  the  height  through  whieh  w  would  M 
freely  in  one  second. 
We  shall  have  then  the  following  prop(»rtioD8  ^— 

w:c::^:_; 

■nd  therefore  we  have 

0  =  W  X  —-- 

2r  X  ^ 

This  formula,  expressed  in  ordinary  language,  is  as  IbUowB : 
814.  Rule  to  calculate  centrifugal  roBOEy  when  thi 

WEIGHT,  VELOCITY,  AND  RADIUS  OF  BOTATION  ABB  GIVEN. —  Ifc 

centrifugal  force  of  a  body  revolving  in  a  circle  is  found  by  M«2h- 
plying  its  weight  by  the  square  of  the  number  of  feet  whieh  it  mmtet 
through  in  a  second,  and  dividing  the  product  by  the  manber  of 
feet  in  the  radius  of  the  circle  it  describes,  multiplied  by  32|. 

But  it  is  more  oonyenicnt  in  practice  to  express  the  centrifugal 
force  of  a  revolving  body  by  reference  to  the  number  of  revoludoni 
it  performs  in  a  given  time.  Let  us  therefore  express  bv  N  the 
number  of  revolutions,  or  fraction  of  a  revolution,  performed  W  the 
body  in  one  second.  The  circumference  of  the  circle  which  U  d^ 
scribes,  the  length  of  the  string  being  B,  will  be  6-283  R. 

If,  then,  this  be  multiplied  by  N,  we  shall  obtain  the  space  diroadi 
which  the  body  moves  in  one  second,  or  its  velocity ;  and  ainoe  the 
square  of  6*283  is  39-476,  wo  shall  have 

v"  =  39-476b«xn«; 
and  therefore  we  shall  have  the  centrifugal  force  expressed  by 
c  =  1-227  w  X  B  X  N». 

In  this  formula  it  must  be  understood,  however,  that  the  lengA 
of  the  string  must  be  expressed  in  feet  or  fractions  of  m  fbot^  and 
that  N  must  express  the  number  of  revolutions,  or  fraction  of  a  revo- 
lution, made  by  the  body  in  one  second. 

This  formula,  expressed  in  ordinary  language,  is  as  follows : 

816.  Rule  to  calculate  centrifugal  force,  when  weight, 
badius  of  botation,  and  numbeb  of  revolutions  per  second 
ARE  GIVEN.  —  To  find  the  centrifugal  force  of  a  revolving  bodw, 
multiply  its  weight  by  the  number  1*2*27.  Multiply  this  product  l§ 
the  number  of  feet  in  its  distance  from  the  centre  romd  wkiek  tf 
tums^  and  finally  multiply  this  product  by  the  square  of  the  mamkr 
of  revolutions,  or  faction  of  a  revolution,  which  it  makee  rotmd  dUl 
cfftlre  in  one  second  of  time. 
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ExAMFLS.  —  Let  it  be  required  to  find  with  what  force  a  body 
^  ^hing  2  lbs.  would  stretch  a  string  3  feet  long,  revolving  four 
ti^es  per  second.  Multiply  2  lbs.  by  1-227,  and  we  obtain  2-454  lbs. ; 
multiplying  this  by  3,  the  number  of  feet  in  the  length  of  the  string, 
we  obtain  7.862.  In  fine,  multiply  this  by  16,  which  is  the  square 
of  4,  the  number  of  revolutions  per  second,  and  we  have  117-792. 
So  that  the  centrifugal  force  with  which  the  string  is  stretched  would 
be  117^  lbs.  very  nearly. 

From  the  preoedinff  conclusions  it  follows,  that  if  two  bodies  of 
equal  weights  be  whined  round  their  centres  by  strings  or  rods  of 
the  same  length,  their  centrifugal  forces  will  be  in  proportion  to  the 
squares  of  the  number  of  revolutions  which  they  perform  in  a  given 
time.  Thus,  if  one  of  them  make  three  revolutions  while  the  other 
makes  two,  the  centrifugal  force  of  the  former  will  be  to  that  of  the 
latter  as  9  to  4. 

Again,  if  two  bodies  of  equal  weight  are  attached,  to  centres  by 
strings  of  different  lengths,  but  perform  the  same  number  of  revolu- 
tions in  a  given  time,  weir  centrifugal  forces  will  be  in  proportion  to 
the  lengths  of  the  strings.  Thus,  if  one  be  attached  by  a  strinff  of 
two  feet,  and  the  other  bv  a  string  of  three  feet,  the  centrifugal  raroe 
of  the  former  will  be  to  the  centrSusal  force  of  the  latter  as  2  to  8. 

In  general,  if  two  bodies  of  equiu  weight  be  at  different  distances 
from  ue  centres  round  which  they  revolve,  and  also  make  a  different 
number  of  revolutions  in  the  same  time,  then  their  centrifugal  fbrces 
will  be  as  the  products  found  by  multiplying  their  distances  from  the 
centre  by  the  squares  of  the  number  of  revolutions  which  they  make 
in  the  same  time. 

816.  JSppHcation  of  whirling-table  to  illustrate  experimentaUjf 
tJute  theorems,  —  These  concliisions  will  be  experimentally  verified 

San  apparatus  called  a  whirling-table,  usually  found  in  collections 
philosophical  apparatus. 

A  part  of  this  instrument  is  represented  in^^.  64,  where  o  is  a 
metallic  bar,  having  two  upright  pieces/'/ at  its  ends,  in  which  a 
polished  metal  rod  is  fixed  pandlel  to  o.     On  this  rod  a  ball  g  slides, 

being  perforated  by  a  hole  corres- 
ponding to  the  rod.  At  the  centre 
0  is  a  vertical  frame-work,  which 


iHi^ 


^» 


w. 


c 

Fig.  64. 


contains  a  number  of  thin  circular 
weights  h  placed  one  above  the 
other,  and  supported  on  a  sliding 
stage,  which  is  capable  of  rising 
and  falling.  At  the  centre  of  the 
top  of  this  stage,  carrving  the  weights,  is  a  hook,  to  which  two 
strings  are  attached,  which  are  carried  over  grooves  in  the  puiley  Ir, 
and  then  pass  over  corresponding  grooves  in  the  lower  pulley  Ar', 
from  which  they  are  carried  to  die  baU  g  to  which  they  are  attached 
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if   TT^ 

*</L.   Wm-:  ?«t  w^  Iff  i3r-£; 
▼oil*  ir.  ^5«rf!s;  t:>ts_  --ie^  tL*fr  fe^^rifzril  fa 

is  %  civeo  tioM;, 
4fo.  Boi  if  tb«  w«i^ta  b«  im*<pi-,  th^n  let  iLe  prcportkn  of  tbi 
"  _  '  fereei  wbi^  thej  wMuld  iuvv  if  tLeT  were  equal  be  fat 
and  let  the  numbera  expressing  them  be  multiplied  bjAi 

jfw  •fpramng  the  weights ;  the  product  will  then  ezprca  Ai 

NMrlimi  Jf  the  ceotrifuni  forces. 

TbMMi  ffrtnuoMtifms  inyoTve  the  whole  theorj  of  centrifugal  lone. 

I*''  mirifugal  forctB  of  bodies  revolving  in  the  saau  latf 

■  ion  centre  of  gravity  are  equal, — ^If  two  bodifli  » 

NBoa  oentre  in  the  same  time,  but  at  diflSsvant  dbh 

hr  omtrtftigftl  fbraes  woold  be  in  the  proMrfiMi  of 
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e  dirtinr<w  if  they  were  equal,  the  body  at  the  greater  distance 
ng  a  greater  proportioiial  ceotrifbgal  force.  Bat  if  the  body  at 
loner  distanee  be  increased  in  wei^t,  so  as  to  exceed  the  other 
he  flame  ratio  as  the  distance  of  the  other  from  the  centre  of 
ri^  ifl  greater,  then  the  centrifagal  forces  will  be  equal ;  for  what 
oentriSigal  force  of  the  lesser  gains  by  distance,  that  of  the 
Iter  gains  by  weight  Thus,  if  one  of  the  bodies  weigh  three 
ceSy  and  the  other  five  ounces,  and  if  further  the  latter  be  at  three 
les  from  the  centre,  the  other  being  at  fiye  inches  from  it,  they 
L  have  the  same  ocntrifdgal  force,  provided  they  revolve  in  the 
le  time.  This,  which  is  an  important  proposition,  may  be  experi- 
Dtally  proved  by  the  whirling-table. 

Let  A  and  B,   fg.  65.,  be  two 

•  bodies  connected  by  a  wire,  and  let 

— J— 0  a  point  0  be  taken  upon  this  wire, 
^  B    in  such   a  position  that  bo  shall 

p-    g^_  bear  to  AO  the  same  proportion  as 

the  weight  of  A  bears  to  the  weight 
b;  then  let  the  wire  be  attached  to  the  spindle  of  the  whirline- 
^  at  c,  so  that  the  balls  shall  be  made  to  whirl  round  o.  It  will 
fbond  that  the  wire  will  maintain  its  position,  although  free  to 
)ve  in  the. direction  of  its  own  length,  showing  that  the  centrifugal 
xe  exerted  by  the  greater  ball  a  upon  the  wire  in  the  direction  c  A, 
equal  to  the  centrifugal  force  exerted  by  the  lesser  ball  B,  upon  the 
re  in  the  direction  c  b.  The  lesser  ball  b,  therefore,  gains  as  much 
Dtrifugal  force  by  its  greater  radios  b  c,  as  the  greater  a  gains  by 
superior  weight. 

The  point  c,  which  divides  the  distance  between  the  balls  in  the 
rene  ratio  of  their  weights,  is,  as  has  already  been  shown,  their 
mmon  centre  of  gravity;  and  it  therefore  follows,  that  if  two  bodies 
rolve  round  their  common  centre  of  gravity  in  the  same  time,  they 
U  exert  equal  centrifugal  forces  upon  it. 

318.  Extunpks  of  centrifugal  force. — Examples  are  presented  of 
e  efiSects  of  centrifugal  force  in  almost  all  the  motions  which  fall 
thin  our  daily  observation. 

319.  Example  I. — Turning  rapidly  round  a  comer. — A  horse- 
in,  or  a  pedestrian  passing  round  a  comer,  moves  in  a  curve,  and 
nsequently  suffers  a  centr^ugal  force  directed  from  the  centre  of 
e  curve,  which  increases  with  his  velocity,  and  which  impresses  on 
B  body  a  force  directed  from  the  comer.  He  resists  this  force  by 
dining  his  body  towards  the  comer.  An  animal  made  to  move  in 
ring,  as  is  customaiy  in  training  horses,  inclines  his  body  towards 
e  centre  of  the  ring. 

320.  Example  U, — Horse  moving  round  a  circus. — In  all  the 
[ueatrian  feats  exhibited  in  the  circus,  it  will  be  observed,  that  not 
ilj  the  horse,  but  ihe  rider,  inclines  ii^  body  towarda  t\ie  c«utce) 
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and  according  as  the  speed  of  the  horse  round  the  ling  it  incrcaaei, 
this  inclination  hecomes  more  considerable.  When  the  horae  walb 
•slowly  round  a  laree  ring,  the  inclination  of  hia  body  ia  impereepti- 
blo;  if  he  trot,  were  is  a  yisible  inclination  inwai^;  and  if  he 
ffallop,  he  inclines  still  more ;  and  when  urged  to  full  apeed,  almoit 
lies  down  upon  his  side,  his  feet  acting  against  the  partition  wUdh 
separates  the  circus  from  the  adjacent  parts  of  the  theatre. 

In  all  these  cases,  the  facts  are  explained  by  oonaidering  that  the 
centrifugal  force  and  the  weight  of  the  horse  are  oomponnded  to- 
ffether,  and  form  a  resultant  which  is  directed  upon  the  gronnd|  and 
IS  represented  by  the  pressure  of  the  horse's  foot 

821.  Method  of  calculating  the  inclination  of  the  karte  iowarit 
the  centre.  —  The  actual  amount  of  the  centrifugal  foree,  and  the 
proportion  which  it  bears  to  the  weight  of  the  animal,  or  other  hodv 
which  is  moved  in  the  circle,  can  be  determined  by  the  principlei  al- 
ready explained,  if  the  radius  of  the  circle  and  the  Telocity  of  the 
body  moving  in  it  are  known ;  and  from  these  may  be  calculated  the 
inclination  which  the  body  of  the  animal  must  assume  in  order  to  be 
whirled  round  the  circle  without  falling  outwards  by  the  effect  ci  the 
centrifugal  force. 

Let  c  (fg.  66.)  be  the  centre  of  the  ring  round  which  the  aninnl 
moves.     Let  c  r  be  its  radius,  r  being  therefore  the  point  at  which 

the  feet  of  the  animal  would  aet 
Take  the  line  r  a,  perpendicnbr 
to  r  c,  and  consisting  of  aa  many 
inches  as  there  are  ponnda  wdght 
in  the  animal.  Take  ab  panBd 
to  r  c,  consisting  of  as  many  inchci 
as  there  are  pounds  weight  in  the 
centrifugal  force.  Then  r  B  will 
represent  the  inclination  whid 
the  animal  must  assume  in  order  to 
prevent  it  from  falling  either  cot- 
wards  or  inwards.  A  less  inclination  than  this  would  cause  him  to 
fall  outward,  and  a  greater  inwards. 

To  demonstrate  this,  let  the  weight  be  conceived  as  acting  at  B, 
and  to  be  represented  by  bd,  which  is  equal  to  A  r;  the  centrifogil 
force  is  represented  by  B  A,  and  these  two  forces  combined  wiU  pro- 
duce a  resultant  represented  by  the  diagonal  B  F.  If  tiie  body  ci 
the  animal  be  inclined  according  to  this  line  B  F,  then  the  resultant 
will  press  upon  its  feet ;  but  if  it  be  inclined  at  a  less  angle,  the  re- 
sultant will  cause  it  to  Ml  outwards,  and  if  at  a  greater  angle  it  wouM 
cause  it  to  fall  inwards. 

If  the  centrifugal  force  be  increased,  as  will  be  the  case  if  the 
animal  moves  with  increased  speed,  then  it  would  be  represented  hf 
A  b'  p  and  the  resultant  of  it^  and  of  the  weighty  would  be  repreMBM 
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J  b'  r.  Again,  if  die  oentrifbgal  force  be  furiher  increased,  and 
BDRseDted  by  a  b",  the  weight  Ineing  represented  hj  b"  d",  the  re- 
utuit  of  these  will  be  represented  by  b"  r,  which  line  mnst  then  be 
be  inclinAtioQ  of  the  body  of  the  animal.  It  is  clear,  then,  that  an 
BcreaBe  of  the  oentrifofal  force,  which  arises  from  increased  speed, 
rill  cause  the  body  of  &e  animal  to  incline  more  and  more  towards 
he  centre  of  the  circle. 

For  example^  if  a  horse  more  in  a  ring  of  60  feet  diameter,  with 
k  speed  of  15  feet  per  second,  the  ratio  of  the  centrifugal  force  to  his 
re^t  will  be  that  of  the  square  of  15,  or  225,  to  60  x  82|,  which 
a  equal  to  1930 ;  the  ratio,  therefore,  of  the  centrifugal  force  to  the 
vright  is  1  to  8 1  very  nearly.  We  shall  therefore  find  the  inclina- 
&0Q  corresponding  to  this,  by  taking  a  f  (Jig.  66.)  equal  to  8|  inches, 
md  A  B  equal  to  1  inch :  the  lino  F  b  would  represent  the  inclination 
of  the  horse. 

822.  ExABfPLB  III.  —  Carriage  turning  a  comer.  —  A  carriage 
mt  having  Yoluntary  motion  cannot  make  this  compensation  for  the 
disturbing  force  which  is  called  into  existence  by  the 
gradual  change  of  direction  of  the  motion;   conse- 
quently it  will,  under  certain  circumstances,  be  over- 
turned, fidling,  of  course  outwards,  or  from    the 
comer.     If  a  b  be  the  carriage,  and  c  (fig.  67.)  the 
place  at  which  the  weight  is  principally  collected, 
this  point  O  will  be  under  the  influence  of  two  forces ; 
the  weight,  which  may  be  represented  by  the  pcrpen- 
.  ^_         -    dicular  c  d  ;  and  the  centrifugal  force,  which  will  be 
y^     ^         represented  by  a  line  c  r,  which  shall  have  the  same 
'  *•  ^'        proportion  to  c  d  as  the  centrifugal  force  has  to  the 
weight     Now,  the  combined  effect  of  these  two  forces  will  be  the 
as  the  effect  of  a  single  force  represented  by  c  a.     Thus,  the 
pressure  of  the  carriage  on  the  road  is  brought  nearer 
to  the  outer  wheel  b.     If  the  centrifugal  force  bear 
the  same  proportion  to  the  weight  as  cf  (or  db). 
Jig.  68.,  bears  to  c  D,  the  whole  pressure  is  thrown 
"  upon  the  wheel  b. 

If  the  centrifugal  force  has  to  the  weight  a  greater 
proportion  than  D  B  has  to  c  D,  then  the  line  c  F, 
which  represents  it  {Jig.  69.),  will  be  greater  than 
D  B.  The  (^agonal  c  G,  which  represents  the  coni- 
Fig.  68.  bincd  effects  of  the  weight  and  centrifugal  force,  will, 
in  this  case,  pass  outnde  the  wheel  b,  and  therefore  this  resultant 
will  be  unresisted.  To  perceive  how  far  it  will  tend  to  overthrow  the 
carriage,  let  the  force  c  o  be  resolved  into  two }  one  in  the  direction  of 
C  B,  and  the  other,  o  K,  perpendicular  to  c  B.  The  former,  c  b,  will 
be  resisted  by  the  road,  but  the  kttcr,  o  k,  will  tend  to  lift  the  car- 
riage   aver  the  exteniAl  wheel     If  the  velocity  and  the  c'\r^al\xi^ 
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of  the  oouree  be  continued  for  &  sofficietit  tun*  to 
enable  tbia  force  c  K  to  elev&te  the  weighte  so  thit 
the  line  of  directicm  shall  fall  ou  B,  the  oftnia^  wiU 
be  overthrown. 

It  ia  evident,  from  what  has  been  noir  stated,  tint 
the  chiLDccfl  of  overthrow,  under  these  clrcuiniUaaceB, 
depend  on  the  proportion  of  B  D  to  c  D,  or,  what  ■ 
to  the  same  purpose,  of  the  distance  between  tba 
wheels  to  the  height  of  the  principal  seat  of  the  load. 
It  was  shown  in  the  last  chapter,  that  there  is  a 
certain  point,  called  the  centre  of  gravitj,  at  which 
the  entire  weight  of  the  vehicle  and  its  load  may  be  conceived  to  be 
concentrated.  This  is  the  point  which,  in  the  present  investigation, 
we  have  marked  o.  The  security  of  the  carriage,  therefore,  depeadi 
on  the  greatness  of  the  distance  between  the  wheels  and  the  amall- 
ness  of  the  elevation  of  the  centre  of  gravity  above  the  road ;  for  either 
or  both  of  these  circumstances  will  increase  the  proportion  of  BD 
to  CD. 

323.  Example  IV. —  Stone  in  a  sling.  —  If  a  stone  or  other 
weight  be  placed  in  a  sling  which  is  whirled  round  by  the  hand  in  i 
direction  perpendicular  to  the  ground,  the  stone  will  not  fall  oat  of 
the  sling,  even  when  it  is  at  the  top  of  its  circuit,  and  consequentlj 
has  no  support  beneath  it.  The  centrifugal  force  in  this  case  acting 
from  the  hand,  which  is  the  centre  of  rotation,  is  greater  than  tha 
weight  of  the  body,  and  therefore  prevents  its  fall. 

324.  Example  V. — Glass  of  water  in  a  sling. — In  like  manner, 
a  glass  of  water  may  be  whirled  so  rapidly,  that  even  when  the  month 
of  the  glass  is  presented  downwards,  the  water  will  still  be  xetained 
in  it  by  the  centrifugal  force. 

325.  Example  VI. — Bucket  of  water  whirling. — ^If  a  bucket  of 
water  be  suspended  by  a  number  of  threads,  and  these  threads  be 
twisted  by  turning  round  the  bucket  many  times  in  the  same  direction, 
on  allowing  the  cords  to  untwist  the  bucket  will  bo  whirled  rapidly 
wand,  and  the  water  will  be  observed  to  rise  on  its  sides  and  sink  at  its 

centre,  owing  to  the  centrifugal  force  with  whidi 
it  is  driven  from  the  centre.  This  effect  might 
be  carried  so  far  that  all  the  water  woidd  mnr 
over,  and  leave  the  bucket  empty. 

326.  Case  of  a  body  moving  down  a  eome* 
surface.  —  If  a  body  B  (Jig.  70.)  move  down 
a  curved  surface  G  F,  whose  centre  is  at  C,  it 
may  acquire  such  a  velocity  that  the  oentrifiigd 
force  will  cause  it  to  leave  the  sur&ce,  and  to  oe 
projected  forwards  to  the  ground.  The  oondi- 
Fig.  70.  tions  under  which  this  would  take  place  are  eanlj 

explained. 
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le  weight  of  the  body  be  expressed  by  b  a^  and  its  eentrifagal 
B  E,  fluid  let  the  parallelogram  be  completed.  Then  the  dia- 
D  will  be  the  resaltant  of  these  two  forces,  and  will  be  the 
rhich  the  body  has  a  tendency  to  more.  So  long  as  this  dia- 
vms  an  flicate  angle  with  B  c,  the  body  will  remain  on  the 
mriaoe;  bat  bo  soon  as  it  forms  a  right  angle  with  B  c,  then 
ecome  a  tangent  to  the  surface  and  the  body  will  fall  off. 
Centrifugal  forces  of  a  solid  body  revolving  on  a  fixed  axis, 
inoet  important  classes  of  problems  in  mechanical  science  in 
he  principles  determining  the  centrifugal  force  are  practically 
,  are  those  which  relate  to  solid  bodies  revolving  on  an  axis, 
lid  body  be  pierced  by  a  straisht  and  round  hole,  in  which  a 
ical  rod  is  inserted,  and  the  body  be  made  to  turn  rapidly 
this  rod  as  an  axis,  each  particle  of  matter  composing  the 
ill  revolve  in  a  circle  round  such  axis ;  all  these  circles  will 
sribed  in  the  same  time,  and  consequently  the  centrifugal 
if  the  particles  exerted  upon  the  axis  will  be  in  proportion  to 
Lstances  from  the  axis,  such  distances  being  the  radii  of  the 
which  they  describe  respectively  round  it. 
the  particles  of  the  body  which  are  at  the  same  dbtance  from 
is  will  therefore  exert  equal  centrifugal  forces  upon  it,  and 
rhich  arc  at  greater  distances  will  exert  centrifugal  forces  pro- 
Ally  greater  than  those  at  less  distances.  The  particles  dis- 
d  round  the  axis  will  produce  forces  directed  from  the  axis  in 
ection  of  perpendiculars  connecting  them  with  the  axes  respcc- 

r  it  is  evident  that  as  many  different  forces  will  thus  be  exerted 
he  axis  as  there  are  different  particles  of  matter  composing  the 
f  the  revolving  body. 

r  cases  are  presented  which  may  arise  in  the  combination  of 
broes. 

.  First  case,  in  which  the  centrifugal  forces  are  in  egtdli- 
— ^They  may  be  in  equilibrium ;  that  is  to  say,  the  centrifugal 
exerted  by  all  the  particles  composing  the  body  on  the  axis 
leutralixe  each  other.  In  thb  case  the  axis  would  suffer  no 
in  consequence  of  the  centrifugal  forces,  and  the  body  would 
innd  it  without  producing  any  effect  upon  it. 
mch  a  case,  if  the  axis  were  withdrawn  from  the  hole  in  which 
laertcd,  the  body  would  still  continue  to  spin  as  before,  because, 
the  axis  suffer^  no  pressure  or  strain  from  the  revolving  matr 
I  presence  or  absence  can  make  no  difference  in  the  motion. 
I.  Second  ease,  in  which  they  have  a  single  resultant. — The 
Tugal  forces  produced  by  the  particles  of  the  revolving  mass 
e  such  as  to  be  represented  by  a  single  force  applied  at  some 
of  the  •*!«,  and  at  right  angles  to  it.  In  this  case  the  axis 
affnr  a  eon^^ondmg  preeaure  or  Btndn  at  this  point.    If  \!b^ 
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point  could  be  fixed,  the  remainder  of  tlie  azia  mi^t  in  tbat  amh 
withdrawn,  because,  unce  no  other  point  of  it  anffisrs  any  strain  hm 
the  effect  of  the  motion,  its  presence  or  abaenoe  can  produoe  no  tt 
ference  in  the  motion. 

330.  Third  case,  in  which  theff  are  equwaleni  to  a  eat^de. — ^Ihi 
centrifugal  forces  may  be  such  that  their  combined  effect  cannot  bi 
represented  hy  a  single  force,  but  may  be  represented  bj  two  eqod 
or  parallel  forces  acting  on  two  different  points  of  the  azia,  and  ia 
contrary  directions.  This  combination  ia  what  has  been  already  ealM 
a  couple,  and  its  effect  is  to  twist  the  axis  round  some  point  inte^ 
mediate  between  the  two  contrary  forces.  In  thia  caae  the  azia  oooU 
not  be  withdrawn  unless  two  fix^  points  were  provided,  representiag 
the  points  to  which  the  opposite  forces  of  the  couple  are  applied. 

331.  Fourth  case,  in  which  they  have  the  effect  of  a  Mingle  fern 
and  a  couple  combined, — The  combination  of  torcea  produoed  by  thi 
revolving  matter  may  be  such  as  to  be  incapable  of  being  repreaentai 
either  by  a  single  force  or  by  a  couple.  In  thia  caae  it  can  be  pioml 
that  their  combined  effects  will  be  represented  by  a  single  fbroe  tad 
a  couple  taken  together.  The  effect  in  such  a  caae,  la  a  piaaait 
upon  the  axis  at  right  angles  to  its  length  at  the  point  where  du 
single  force  is  placed,  and  a  tension  or  twist  produced  at  the  bom 
time  by  the  couple. 

These  are  all  the  possible  cases  which  can  be  presented  by  a  solid 
body  revolving  on  a  fixed  axis. 

332.  Examples  of  the  application  of  these  principles. — Thar 
complete  analysis  and  demonstration  would  reouire  the  use  of  thl 
principles  and  formuke  of  the  higher  parts  of  mathematical  Boeoo^ 
the  introduction  of  which  would  not  be  suitable  to  the  purpoae  of  thi 
present  treatise.  We  shall  therefore  limit  ourselves  to  some  efr 
amples  which  will  convey  a  sufficiently  clear  notion  of  the  geaenl 
effects  produced  by  the  rotation  of  solid  bodies  on  fixed  azee. 

333.  Example  I. — A  ring  revolving  round  its  centre  tn  iff  SM 
plane. — If  a  series  of  particles  of  matter  placed  in  the  dreiunlanMl 
of  a  circle  are  made  to  revolve  by  a  common  motion  round  an  aiii^ 
passing  through  such  circle  and  perpendicular  to  ita  plane,  their  oifr 
trifugal  forces  will  be  evidently  in  equilibrium,  and  no  preamrs  M 

the  axis  will  be  produoed.  A  circular  mm 
of  such  particles  is  represented  in^.  71. :  tba 
radii  represent  the  direction  of  the  oentrifapl 
forces,  which  are  all  equal,  beoanae  the  ptf* 
tides  are  equal  and  the  distaneea  from  thi 
centre  are  equal. 

It  is  evident  on  inspection  that  these  fc 
e(|uilibrate  round  the  centre,  and  that  the 
tnd  point,  therefore,  would  suflbr  no 
in  one  direction  rather  than  in  aaothe^ 
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884.  Example  II. — Ajlai  circular  plate.— K  flat  circular  plate 
H  unifbnn  thickness  and  density  may  be  considered  as  consisting  of 
I  aeries  of  ooncentrioal  rings  of  such  particles.  If  such  a  plate  be 
reyolved  round  an  axis  passing  through  its  centre,  and  perpendicular 
\o  it«  plane,  the  centrifugal  forces  of  the  particles  will  be  in  ^uili- 
briam,  and  no  pressure  will  be  produced  on  the  axis. 

835.  Example  III. — A  cylinder  revolving  round  its  geometrical 
mxis. — A  cylinder  may  be  considered  as  composed  of  a  number  of 
■oeh  circular  plates  placed  one  upon  the  other,  and  the  axis  of  the 
eylinder  will  be  the  line  formed  by  the  centres  of  these  plates.  If 
■och  a  cylinder,  therefore,  revolve  round  its  axis,  the  centrifugal  force 
of  its  mass  must  be  in  equilibrium,  because  each  separate  plate  oeing  in 
equilibrium,  the  entire  pile  would  necessarily  also  be  in  equilibrium. 

836.  Example  IV.  —  Ji  solid  of  revolution  revolving  round  itt 
meomeirieal  axis. — ^There  is  an  extensive  and  important  class  of  solid 
bodies  having  a  geometrical  form,  which  gives  to  their  axes  this  pro- 
psrtj.     They  are  called  soUds  of  revolution. 

Jjdt  A  B  D,^^.  72.,  be  a  triangle  with  a  right  angle  at  a.  If  this 
be  tappoeed  to  revolve  round  the  side  a  b  as  an  axis,  it  will  by  its 


Fig.  72. 


Fig.  73. 


Fig.  74. 


xerolation  generate  a  solid  called  a  cone ;  that  is  to  say,  the  space 
ihroagh  whieh  it  would  pass  as  it  revolves,  and  which  it  would  in- 
eiode  within  its  sides  in  revolving  if  filled  by  any  solid  matter,  would 
torn  a  cone. 

If  a  rigfai«ngled  parallelogram,  Jig.  73.,  revolve  roun4  its  side 
▲  By  it  wcMold  generate  in  the  same  way  a  cylinder. 

It  a  triang^  a  b  Dyjig.  74.,  revolve  round  a  side  A  B,  not  adjacent 
to  a  right  angle,  it  wo^d  generate  the  double  cone. 

If  a  semicirele  {fig.  75.)  revolve  round  its  diameter  A  b,  it  would 
generate  a  sphere  or  globe. 

If  a  semi-ellipee  0^.  76.)  revolve  round  its  shorter  axis  AB,  it 
would  generate  an  oblate  spheroid,  being  a  figure  resembling  an 
orange  or  a  turnip. 

If  a  semi-ellipiw  (Jig.  77.)  revolve  rouud  its  lonser  axis,  it  would 
merafte  a  prolate-  snhennd,  being  a  figure  reeembling  an  egg,  only 
ttiat  its  ends  are  nmilar. 
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Fig.  75. 


Fig.  76. 


Fig.  77. 


Now  it  is  evident,  that  in  these  and  all  solid  bodies  whose  figani 
are  determined  by  the  same  principle,  all  sections  made  by  manei 
perpendicular  to  their  axes  of  revolution  are  circles  through  Um 
centre  of  which  such  axes  pass.  Since  the  centrifugal  forces  of  Um 
particles  of  matter  composing  each  of  such  sections  are  in  eqnilibrion, 
the  centrifugal  force  of  the  entire  mass  of  the  body  is  necessarilj 
also  in  equilibrium,  such  mass  being  composed  of  these  several  aeo- 
tions.  The  body,  in  short,  may  be  considered  to  be  made  up  of  i 
number  of  circular  plates  laid  one  upon  another,  varying  in  their 
diameter  according  to  the  form  of  the  body. 

If  a  solid  of  revolution,  therefore,  be  made  to  revolve  upon  iti 
geoinctrical  axis,  the  centrifugal  forces  of  its  mass  will  be  in  equili- 
brium,  and  no  pressure  or  strain  whatever  will  take  place  upon  iti 
axis. 

337.  Case  of  solids  which  have  a  symmetrical  axis.  —  The  same 
reasoning  will  be  applicable  to  all  solids  which  have  an  axis  roond 
which  the  particles  of  such  section  made  by  a  perpendicular  plaxM 
are  so  arranged,  that  every  particle  of  matter  at  one  side  has  a  oor 
responding  piirticle  at  an  equal  distance  at  the  other  side;  for  in  thii 
case,  every  pair  of  such  equidistant  particles  will  exert  equal  and 
opposite  centrifugal  forces  on  the  axis. 

A  great  number  of  solid  bodies,  including  the  class  of  solids  cf 
revolution  described  above,  fulfil  this  condition. 

If  the  sections  of  a  solid  be  all  equal,  and  have  any  regular  geih 
metrical  figure  having  a  point  within  it  forming  its  geometrical  oentiSk 
and  through  which  all  lines  drawn  are  bisected;  then  such  a  flolii 
participates  in  the  abovp  property,  and  the  centrifugal  foroee  of  ill 
mass  when  revolving  round  such  an  axis  will  neutralize  each  other. 

338.  Case  of  a  rectangular  prism. — A  column  formed  by  laying 
one  upon  another  equal  flat  plates  of  the  same  figure  has  this  pro- 
perty.    Such  a  column  is  called,  in  geometry,  a  rectangular  prism. 

339.  Case  of  a  pyramid,  —  A  pyramid  formed  by  laying  upon 
each  other  similar  plates  not  equal,  but  diminishing  gradually  IB 
jiu^itude  will  have  the  same  property. 
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flows,  tiierefero,  that  the  axes  of  the  reotangalar  prisms  and 
h  whose  bases  have  a  centre  of  magnitude;  enjoy  the  above 

Y- 

Case  of  axis  of  revolution  passing  through  the  centre  of 
. — It  will  be  observed,  that  the  axis  round  which  the  centri- 
rce  equilibrates  in  the  examples  given  above,  will  pass  through 
xe  of  gravity  of  the  bodies  in  question.  It  may  therefore  be 
rhether  such  property  belongs  to  all  lines  whatever  passing 
the  centre  of  mvity  of  a  body;  that  is  to  say,  whether,  if 
is  made  to  revive  upon  an  axis  passing  through  its  centre  of 
the  centrifugal  force  will  be  in  equlibrium,  and  whether 
is  will  be  free  from  strain  or  pressure, 
easy  to  show  that  this  will  not  be  the  case  in  general,  aod 
is  only  certain  lines  passing  through  the  centre  of  gravity 
ave  the  property  above  mentioned. 

rectangular  plate  having  unequal  sides,  ab  and  b  o,Jig,  78., 
e  to  revolve  round  a  Une  m  n,  passing  through  the  middle 

points  of  the  opposite  sides  A  B 
and  DC,  the  centrifugal  forces 
will  be  in  equilibrium,  because 
every  point  on  the  one  side  of 
M  N  has  a  corresponding  point  at 
.  3  an  equal  distance  on  the  other 
side. 

In  like  manner,  the  line  m  ft 
passing  through  the  middle 
points  of  the  sides  A  D  and  B  o^ 
would  enjoy  a  like  property. 

But  if  any  other  line,   such 
as  PQ,  be  drawn   through   the 
centre  of  gravity  o,  and  the  plate 
*^**'  ^*  be  made  to  revolve  round  such 

.en  it  will  be  evident  that  the  centrifugal  force  will  not  be  in 
num.  For  through  a  point  such  as  E,  let  a  line  F  o  be  drawn 
licnlar  to  the  axis  P  Q.  This  line  F  Q  will  be  divided  into  un- 
larts  at  £,  and  the  centrifugal  force  produced  by  the  particles 
a  B  and  F  will  be  greater  than  the  centrifugal  forces  produced 
particles  between  £  and  a.  The  same  will  be  true  of  all 
rawn  perpendicular  to  op;  and  the  combined  effect  of  all  the 
igal  forces  acting  in  that  part  of  the  axis  between  o  and  P, 
to  produce  a  greater  strain  on  the  side  of  the  angle  A  than  on 
9  ci  the  angle  D,  and  the  centrifugal  force  will  have  a  resultant 
1  towards  the  side  of  the  angle  A.  By  the  same  reasoning  it  may 
m  that  the  centrifugal  forces  of  that  part  of  the  plate  which  is 
KLy  will  have  a  resultant  directed  to  the  side  of  the  angle  0^ 
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and  ihia  resultant  will  be  eqiu)  to  the  resnItaDt  of  the  cmtnfB^ 
forces  above  k  l,  directed  to  the  side  of  the  angle  a. 

It  follows,  therefore,  that  the  axia  PQ  rou&d  which  the  plate  i^ 
Tolves  will  be  afibcted  by  forces  haying  two  xesultanta  panilel  to  e«4^ 
other  and  in  opposite  directions,  ooe  perpendicular  to  O  P,  and  direct 
ed  towards  the  side  a^  and  the  other  perpendicular  to  o  Q^  and  dinoU 
ed  towards  the  side  c. 

These  two  forces  form  a  couple^  and  have  a  tendenoj  to  taim  tL» 
axis  of  revolution  towards  the  poei^OQ  mn,  as  repreaented  bjr  tbt 
arrows  in  the  diagram* 

341.  Centrifugal  forces  round  such  an  <ms  are  either  iu  ecM^ 
hrium  or  are  egtcivalent  to  a  coupU. — This  property  is  general,  il^ 
though  it  cannot  be  demonstrated  in  all  its  universalis  withoot  tlia 
aid  of  the  language  and  principles  of  the  higher  analysis. 

It  may  be  stated  thus : — 

In  all  bodies  whatever,  there  are  three  Lines  pasatng  tlmmgh  tb 
centre  of  gravity  which  are  at  right  angles  to  each  other,  each  d 
which  is  so  placed,  in  reference  to  the  mass  of  the  body,  that  the 
oentrifagal  forces  produced  by  the  revolution  of  the  body  round  thai 
respectively  will  be  in  ec^uilibnum  j  and  euch  lines,  when  the  hodj 
-  revolves  round  them,  will  sufTer  no  Btrain  or  pressure. 

But  if  the  body  be  made  to  rcvnlvo  round  any  other  line  paspof 
through  the  centre  of  gravity,  the  centrifugal  force  will  produce  i 
strain,  which  will  be  represented  by  two  equal  opposite  ana  patilld 
forces  acting  upon  the  axis  at  opposite  aides  of  the  centre  of  grarilj, 
and  having  a  tendency  to  turn  the  a^ia  in  the  position  of  one  <i 
other  of  the  three  axes  of  equilibrium  here  mentlonetL 

342.  Axes  of  ctnfrifugai  equilibrium  called  principal  axes.  — 
An  axis  round  which  the  centrifugal  force  equilibratea  is  called  i 
principal  axis ;  and  from  what  bos  been  explained^  it  appears  thit 
there  are  three  priocipal  axes  through  the  centre  of  gravity  at  li^ 
angles  to  each  otber. 

343.  Case  in  vhich  all  lines  through  crnlre  of  graviiy  are  prvih 
eipal  axes.  —  There  arc  some  particular  cases  in  which  every  liw 
passing  through  the  centre  of  gravity  is  a  principal  axis ;  such,  fo 
example,  is  the  case  with  a  sphere  or  globe  of  uniform  density.  8o^ 
a  solid,  whatever  diameter  it  may  revolve  round,  will  be  &  solid  cf 
revolution,  and  the  sections  perpendicular  to  eucb  diameter  wiU  bs 
circles. 

The  same  principle  is  tnio  of  all  the  regular  eoHda.  All  Un««^  Ibr 
example,  passing  through  the  centre  of  a  cube  are  principal  axes. 

344.  Case  of  an  axis  of  revolution  parallel  to  a  principal  cat 
-through  the  centre  of  gravity.  —  If  a  solid  be  made  to  revolve  laaai 
an  axis  which  does  not  pass  through  the  centre  of  gravity,  bat  whiA 
is  parallel  to  one  or  other  of  the  principal  axes  passing  through  thit 
point,  the  centrifugal  forces  will  not  equilibrate  round  snoh  aai  W 
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thcj  will  be  represented  by  a  single  force  perpendicular  to  it,  and 
passiDg  through  the  centre  of  gravity. 

345.  Such  axis  calUd  also  a  principal  axis.  —  Such  an  axis  is 
alied  a  principal  axis,  and  in  general  there  are  three  such  axes  cor- 
lopooding  with  such  points  taken  in  the  body,  which  are  parallel 
R^MCtiyeTj  to  the  principal  axis  passing  through  the  centre  of 
parity. 

346.  Three  principal  axes  at  right  angles  to  each  other  pass 
tkromgh  each  point,  —  It  may  therefore  be  stated,  in  general,  that  if 
inj  point  in  a  body  be  taken  different  from  the  centre  of  gravity, 
there  are  three  lines  passing  through  it  at  right  angles  to  each  other, 
nond  each  of  which,  if  the  body  is  made  to  revolve,  an  effect  will 
be  produced  by  the  centrifugal  forces  which  can  be  represented  by  a 
inigle  force,  perpendicular  to  the  circumference,  and  passing  through 
the  centre  of  gravity. 

347.  Effect  of  revolution  round  a  line  which  is  not  a  principal 
axis.  —  K  the  body  be  made  to  revolve  round  any  line  poj^sing 
through  a  given  point  in  it  which  is  not  a  principal  axis  in  the  sense 
jint  referred  to,  then  the  centrifugal  forces  produced  by  such  revolu- 
tion  cannot  be  represented  either  by  a  siuffle  force  or  by  a  pair  of 
equal  and  opposite  parallel  forces,  but  will  be  represented  by  both  of 
these  together.  This,  therefore,  is  the  character  of  all  axes,  round 
vhich  a  body  would  move,  which  do  not  pass  through  the  centre  of 
parity,  and  are  not  parallel  to  either  of  the  principal  axes  passing 
through  that  point. 

34c.  Experimental  illustrations  of  these  properties.  —  Many  of 
these  important  properties  admit  of  being  experimentally  illustrated 
m  a  very  striking  manner  by  a  simple  apparatus. 

Let  a  body  be  suspended  by  a  thread,  or,  better  still,  by  a  skein 
eompoeed  of  several  threads,  from  a  fixed  point.  Let  this  fixed  point 
be  so  arranged,  that  a  rapid  rotatory  motion  may  be  given  to  it.  This 
fotatory  motion  will  soon  be  imparted  to  the  body  suspended  to  the 
threads  by  the  twisting  of  the  skein,  and,  after  a  time,  the  rotation 
of  the  body  will  become  extremely  rapid.  It  will  first  take  plac^' 
round  the  Une,  passing  vertically  through  it  in  the  direction  of  the 
ikein,  when  it  hangs  quiescent  If  this  line  happen  to  be  one  of  the 
principal  axes  passing  through  its  centre  of  gravity,  it  will  continue 
to  revolve  round  it;  but  if  it  be  not  one  of  these  principal  axes,  the 
centrifugal  force,  as  has  been  already  explained,  will  produce  an  effect 
upon  it,  represented  by  two  equal,  opposite,  and  parallel  forces  tend- 
ing to  twist  it  This  effect  will  be  soon  rendered  manifest  in  a  re- 
markable manner :  the  body,  when  it  revolves  rapidly,  will  not  con- 
tinne  in  the  same  position  which  it  had  when  it  was  quiescent.  The 
line  which  was  in  the  direction  of  the  string  will  begin  to  take  another 
Erection,  the  point  where  the  string  is  attached  to  it  will  not  remain 
in  its  first  poBitioD^  sad  the  body  will  throw  itself  into  a  position  mot^ 
^4*  '^ISl 
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or  less  at  riffht  aoglea  to  tbe  atring,  uid,  id  a  -wordf  Will  at 
after  the  revolving  Tuotion  has  become  sufficieutlj  rapid  and  oontiiiiaed, 
assume  such  a  position,  that  a  pnncipail  axis,  pacing  through  ita  cen- 
tre of  gravity,  wUl  hocome  vertical,  aod  the  body  will  epia  round  it 

It  is  evident,  therefore,  that  thiA  effect  takes  place  in  epit«  of  t^ 
opposing  inflaencc  of  the  gravity  of  the  body }  for  in  tbe  new  poohutt 
which  the  body  assumes,  ita  oeotre  of  gravity  tseasea  to  be  represented 
by  the  skein.  Tbjjs  experiDient  may  be  varied  in  a  great  wiety  of 
ways,  exhibiting  most  ioatructive  and  atnuaing  e0bcts* 

If  a  metallic  ring  be  Bospended  by  the  skein  by  being  attached  to 
a  point  in  its  side,  the  ring  wh^ii  quiescent  will  bang  with  ita  plane 
vertical;  but  when  the  rotaUon  b^mes  rapid,  the  nng  will  thrtm 
itself  into  a  horizontal  position,  and  will  spin  roond  a.  verlioal  aib 
through  its  centre,  and  perpendicular  to  ita  plane. 

If  the  experiment  be  mode  with  an  oblate  spheroid  saspended  hf 
a  point  P  (Jig,  79.)  in  ita  equator  PQ,  its  sborter  axift  ab  being 
horizontal,  it  will,  when  it  acquires  a  rapid  motion^  Uke  i^^  potiiuB 
represented  in^^*  80,,  iu  which  tbe  shorter  axis  A  b  is  TertiodL  nd 
the  equator  PQ  horiKontd,  and  it  will  spin  in  this  poaition  mud  da 
principal  axis  ab,  although  the  centre  of  gravity  o  is  unsupported  1^ 
the  string. 


Fig.  79. 


Fig.  80. 


B 

Fig.  81. 


Fig.  82. 


If  a  cylindrical  rod  AB  (Jig.  81.)  be  suspended  by  a  point  at  thi 
centre  of  one  of  its  ends,  and  a  rapid  revolution  be  imparted  to  it»  il 
will  not  continue  in  this  position,  but  will  assume  the  pontaon  npi^ 
sonted  in  Jig.  82.,  in  whioh  its  length  will  be  horiiontaL  and  il  will 
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nifdve  itraiid  sn  axis  panng  tliroiigh  its  aeutre,  and  at  right  angles 
to  the  length. 

If  a  metallio  ehain,  the  ends  of  which  are  united,  as  in  a  necklace 
or  bracelet,  be  suspended  from  any  point,  and  pat  in  rapid  revolu- 
tiboy  tiie  chain  will  at  first  make  some  irregular  gyrations,  but  after 
a  time  it  will  gradually  open,  and  settle  itseS  into  the  form  of  a  pre- 
dae  cirde,  the  plane  of  which  will  be  horiiontal,  and  the  string  will 
then  be  attached  to  a  point  in  this  circle.  In  short,  the  chain  will 
lasqmo  the  form  of  a  solid  ring  in  a  horiiontal  plane. 

CHAP.  vm. 

MOLEOULAB  70RCES. 

849.  The  pores  of  hodiee  the  region  of  molecular  forcee, — It  has 
"been  demonstrated  in  a  former  chapter,  that  the  space  included  within 
the  external  sur&ce  of  a  body  is  not  all  occupied  by  the  matter  com- 
posing that  body.  We  have  seen  that  bodies,  however  dense  or  pon- 
derous, are  capable  of  being  diminished  in  their  volume  by  compres- 
Bon,  or  by  diminution  of  temperature.  It  follows,  therefore,  that 
the  component  particles  forming  the  mass  of  a  body  of  a  uniform 
density  are  uniformly  distributed  throughout  its  volume,  each  par- 
ticle being  separated  from  those  around  it  by  a  space  of  greater  or 
less  extent  unoccupied  by  matter. 

These  interstitiid  spaces  are  the  regions  which  form  the  theatre  of 
action  of  those  important  physical  agents  called  molecular  forces. 

A  multitude  of  phenomena,  fimuliar  to  all  observers,  show  that 
between  the  particles  which  compose  the  mass  of  a  body,  there  exist 
attractive  or  repulsive  forces,  the  sphere  of  whoso  action  is  in  general 
limited  to  distances  imperceptible  to  the  senses,  and  which  only  ad- 
mit of  being  proved  by  indirect  means. 

850.  AUraction  of  cohesion.  —  The  qualities  of  solidity  and  hard- 
ness, and,  in  general,  those  properties  by  which  a  body  resists  fracture 
or  flexure,  or  any  other  derangement  of  its  form,  arise  from  the 
energy  with  which  its  component  particles  attract  each  other,  and 
resist  any  force  which  tends  to  separate  them. 

Molecular  attraction  manifested  in  this  manner  is  called  the  attrac- 
tion of  cohesion. 

351.  Attraction  of  adhesion,  —  If  the  surfaces  of  two  bodies  b« 
brought  into  very  close  contact,  it  is  found  that  they  cannot  be  sep»^ 
latedwithout  the  exertion  of  some  force  of  greater  or  less  intensityi 
aecording  to  the  circumstances  of  the  contact 

Molecular  force  manifested  in  this  manner  is  called  the  attraction 
of  adhesion. 
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352.  Capillary  aitractimu  —  Certain  bodies  being  placed  in  oaa« 
tact  with  a  fluid,  the  fluid  will  enter  their  dimensions  and  occupy  thdr 
pores ;  as,  for  example,  when  a  sponge  or  a  lump  of  sugar  is  broo^t 
in  contact  with  water. 

The  fluid  in  these  cases  rises  in  opposition  to  its  grayitj,  and  fiDi 
all  the  interstices  of  the  sponge  or  the  sugar. 

Molecular  force  manifested  in  this  manner  is  called  capillaiy  it 
traction.* 

353.  Chemical  affinity,  — When  two  bodies  of  diflerent  kinds  ail 
mixed  together,  their  constituent  particles  will  in  certain  cases  nnita^ 
and  form  by  their  combination  the  constituent  particles  of  a 
pound,  differing  in  its  sensible  qualities  from  either  of  the 
ponents. 

For  example,  if  two  gases  called  oxygen  and  hydrogen  be  mixed 
together  in  a  certain  proportion,  and  a  light  be  applied  to  the  mifr 
ture,  an  explosion  will  take  place ;  the  atoms  of  the  two  gases  will 
unite  one  with  another,  and  the  entire  mass  will  be  conyerted  infta 
water,  the  weight  of  the  water  bemg  exactly  equal  to  the  sum  of  tha 
weights  of  the  two  gases. 

In  this  case,  each  atom  of  the  oxygen  is  attracted  by  an  atom  of 
hydrogen,  and  their  combination  forms  an  atom  of  water. 

Molecular  attraction  manifested  in  this  manner  is  called  chemiol 
attraction,  or  chemical  affinity. 

354.  The  atoms  of  bodies  manifest  both  attraction  and  repulsion.^-' 
It  has  been  shown  that  all  bodies  submitted  to  the  action  of  mechani- 
cal forces  of  sufficient  energy,  are  capable  of  being  compressed  and 
diminished  in  their  volume.  By  such  means,  therefore,  their  com- 
ponent  particles  are  forced  into  closer  proximity. 

But  all  of  these  resist  such  compression  with  a  certain  force,  and 
most  of  them  have  a  tendency  to  recover  the  volume  which  they  had 
before  compression. 

This  general  fact  indicates  the  existence  of  another  force,  contniy 
in  its  direction  to  the  attraction  of  cohesion,  the  sphere  of  whose  ac- 
tion is  within  that  of  the  latter  attraction.  To  explain  this  phenome- 
non, we  are  compelled  to  suppose  that  each  atom  composing  a  body 
is  surrounded  with  a  sphere  of  repulsion  within  which  adjacent  atoms 
cannot  enter  unless  urged  by  a  certain  force. 

But  outside  this  sphere  of  repulsion  there  exists  the  sphere  of 
attraction,  by  which  such  atoms  attract  all  the  surrounding  atonui 
which  gives  the  character  of  solidity  and  hardness  to  the  mass. 

355.  Cohesion  manifested  in  solids  and  liquids.  —  The  attraction 
of  cohesion  is  manifested  iu  solid  bodies  by  the  force  which  is  neoea- 

*  So  called  from  capiUua^  a  hair ;  the  magnitude  of  the  pores  being  la 
tUa  ease  estimated  at  about  the  thickness  of  a  hair. 
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to  dermge  their  form  by  fracture  or  flexure;  or  by  any  other 

geofiigue. 

le  flame  force  is  manifested  in  liquids  in  their  tendency  to  form 

ifiherical  drops,  a  globe  being  the  greatest  volume  which  can  be 

ined  within  a  giTen  sur&oe. 

6.  Example  of  cohesion. — ^Thus  particles  of  water  falling  in  the 
iphere  attnet  each  other,  and  collect  in  spherules,  forming  rain. 
ich  qpherules  after  their  formation  be  exposed  to  cold,  they 
n  and  form  hailstones. 

a  little  mercoiy  be  let  fall  on  a  sheet  of  paper,  it  will  collect  in 
silveiy  globules,  notwithstanding  the  tendency  of  the  gravity 
;  pardclea  to  make  it  spread  over  the  paper  in  fine  dust. 
Domcrable  examples  present  themselves  of  this  class  of  pheno- 
.  The  tear  as  it  fidls  from  the  eye  collects  in  a  spherule  upon 
iieek;  the  dew  forms  a  translucent  globule  on  the  leaves  of 
a. 

7.  Shot  maruifacture.  —  The  manu&cture  of  shot  presents  one 
e  most  striking  examples  of  this  phenomenon  in  the  arts.  The 
in  a  state  of  fusion  is  poured  into  a  sieve,  the  meshes  of  which 
mine  the  magnitude  of  the  shot,  at  the  height  of  about  two 
red  feet  from  the  ground.  The  shower  of  hquid  metal,  after 
ng  through  the  sieve,  forms,  like  rain  in  the  atmosphere,  into 
rdes,  w&ch  before  they  reach  the  ground  are  cooled  and 
ified. 

lese  spherules  form  the  common  shot  used  in  sporting,  and  the 
son  of  their  spherical  form  shows  how  regularly  the  liquid  obeys 
;eometrical  law,  that  a  sphere  contains  the  greatest  volume  within 
en  sur&ce. 

>8.  Why  liquids  form  spherical  drops. — This  disposition  of 
I  to  affect  the  spherical  form  may  be  further  elucidated  in  con- 
ing that  any  other  figure  which  a  body  could  take  would  neces- 
r  place  different  parts  of  its  surface  at  different  distances  from  its 
ml  point,  a  circumstance  which  would  be  incompatible  with  the 
lined  qualities  of  attraction  of  cohesion  and  fluidity, 
f  flui^ty,  all  the  particles  forming  the  mass  are  free  to  move 
igst  each  other,  and  by  the  attraction  of  cohesion  they  are  drawn 
i  their  common  centre  with  the  same  force.  To  suppose  that 
oould  rest  at  different  distances  from  their  common  centre,  would 
sarily  involve  the  supposition  either  that  the  attraction  by  which 
are  affected  was  unequal,  or  that  the  mass  had  not  perfect 
ity. 

lis  principle,  which  is  so  evident,  may  be  inverted,  and  wo  may 
ne  Uiat  in  all  cases  where  natural  bodies  are  found  in  the  spheri- 
brm,  even  though  they  be  solid,  they  must  have  been  at  the 
b  of  their  formation  iu  a  fluid  state. 

iP.    7^  eariA  emd planets  vfere  oncejuid.  —  HcQCe  it  \a  mfatwa 
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that  tbf  earth  lod  the  oiher  boditf  of  the  Bohr  system  were  omi 
fi'jid,  and  thai  oui  globe  existed  fonnerij  in  the  immne  in  m  liqoii 
•ttce. 

300.  Mutual  rrpulsiom  oftkt  atoms  of  g9s.  —  In  eertein  diHi 
rd  todies  the  sphere  of  lepalsion  which  Bairoanda  tbeir  partieki  ii 
K  ezt^bdve  that  the  efieci  of  eohesioD  eannol  be  directly  ■wt>ifc«t«ii 
ThU  is  the  case  with  air  and  all  bodies  in  the  gaicooi  Iwin. 

If  a  qoantitT  of  air  be  included  in  a  cylinder  ander  n  pistoDy  aal 
the  pL>!t/>D  be  drawn  upwards  so  as  to  increase  the  Tolome  of  the  efa^ 
df-.r  in  a  doubled  proportion,  the  air  will  not  remain  oonqmng  iti 
fonuer  volume,  as  a  liquid  would  do^  bat  it  will  expend  and  fill  tk 
double  volume  under  the  piston.  This  effect  is  piDdaeed  bj  tk 
expansive  force  prevailing  among  the  particleB  of  the  air.  WhoitlM 
pijit/#D  is  raised,  a  vacuum  would  be  left  between  the  enx&ee  of  thi 
air  and  that  of  the  piston.  The  repulsive  foroe  prerailing  amoi^  the 
particles  of  the  air  being  unresisted,  takes  effect,  and  ttie  pntidfl 
separate,  the  air  expanding  into  a  doable  Vokmie.  In  this  esse  i 
muht  be  crmcluded,  that  the  vacant  spaces  between  tXie  partickB  d 
air  are  twice  as  great  as  thej  were  before  the  piston  was  raised.  If 
the  piston  be  again  raised  to  double  its  present  height,  the  sune  efist 
will  take  place.  The  air  will  again  expand  in  virtue  of  the  repiilm 
force  prevailing  among  its  particles,  and  the  interstitial  spooea 
ing  the  particles  will  be  proportionably  augmented. 

There  is  no  known  limit  to  this  expansive  quality,  and  it 
queutly  follows  that  the  re|rion  through  which  the  repulsive  fooesot 
gaiV'H  act  has  a  corresponding  extent. 

i*A}\.  Ga$e$  may  be  reduced  to  the  liquid^  and  even  to  the  mti 
etale.  —  I$y  the  combination  of  mechanical  pressure  and  cold,  sevenl 
of  i\ui  giLfcs  have  been  reduced  to  the  liquid  state,  and  analogy  jorf- 
fi<,'H  the  concluiiion,  that  all  gaseous  bodies  arc  capable  of  this  change. 
In  the  liquid  state,  the  attraction  of  cohesion  is  rendered  Tn^jfat 
as  has  been  alreaily  shown.  But  we  have  a  still  further  evidence  of 
the  attract irm  of  cohesion  amongst  the  particles  of  gases,  inasmnA 
as  Honif!  of  them  have  been  reduced  to  the  solid  state;  and  by  analogj 
we  may  conclude  that  all  are  capable  of  this  change.  It  has  beet 
already  Hhown  that  the  solid  state  is  only  a  consequence  of  the  attn^ 
tion  of  coliesion. 

'MVl.  The  existence  of  the  attraction  of  cohesion  between  tkeif 
atitma  inferred,  —  These  and  other  phenomena  lead  to  the  condosioii, 
that  in  this  case  of  the  gaseous  bodies,  there  is  beyond  the  sphera  of 
ciihi'jsion  a  hiiIictc  of  repulsion.  When  the  particles,  either  by  tfafl 
ftpJ)li(^'ition  of  cold  or  compression,  or  both  of  these  agencies,  sn 
broii)<;lit  into  such  close  contact  as  to  be  within  the  sphere  of  oohesioii, 
thou  l.li(;y  Imtouio  a  liquid  or  solid,  sis  the  case  may  be. 

liOIj.  Mutual  repulsion  ascribed  to  the  influence  of  heat, — Tlw 
mutual  repulsion  found  to  prevail  among  the  constituent  pertioki  of 
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bodies  13  by  some  attributed  to  the  agency  of  heat,  and  it  is  certain 
diat  the  energy  of  this  repulsion  is  inerea.scd  or  dliiiinibhed,  according 
n  heat  is  imported  to  or  subtracted  from  bodies.  In  a  solid  bfjtiy, 
nch  as  a  mass  of  gold,  in  its  ordinary  state,  the  attraction  of  cohc- 
■on  between  its  particles  greatly  predominates  over  the  influence  of 
the  repulsion  alr^uly  mentioned ;  but  if  heat  be  applied  to  thi.s  mass, 
I'he  energy  of  the  repulsion  is  gradually  increased,  until  at  lengtli  it 
becomes  so  nearly  equal  to  that  of  cohesiqp,  that  the  gravity  of  the 
particles  overcomes  that  part  of  the  cohesion  not  balanced  by  the 
Rpokion,  and  the  constituent  parts  of  the  ma^s  no  longer  holding 
together  in  the  solid  form,  the  metal  is  converted  into  a  liquid.  If 
heat  be  still  applied  to  this  liquid,  the  temperature  will  rise  and  the 
fitjoid  will  expand;  but  after  a  certain  quantity  of  heat  has  boon 
iaparted  to  it,  the  repulsive  force  between  the  particles  thcni}<elvcs 
ii  so  great,  that,  in  spite  of  their  gravity  and  of  the  attraction  of 
coheEion,  they  separate  and  disperse  into  a  vapor  which  possesses  the 
qualities  of  gas,  being  capable  of  expanding  without  limit. 

364.  The  same  body  may  exist  in  the  solid^  liquid^  or  gaseous 
staU. — Thus  it  appears  that  the  same  body  may  exist  in  the  solid, 
fiquid,  and  gaseous  forms,  according  to  the  conditions  under  which  it 
ii  placed  in  reference  to  heat. 

365.  Adhesion  of  soiids, — K  the  surfaces  of  two  pieces  of  metal, 
bang  rendered  perfectly  smooth,  are  brought  into  close  contact  by  a 
strong  pressure,  they  will  adhere  together  with  considerable  fierce. 
Hat  this  adhesion  is  not  due  to  atmosphcQC  pressure  can  be  dcmon- 
Btnted  by  showing  that  the  adhesion  will  continue  in  a  vacuum. 

366.  Eramples  of  this  adJiesion. — In  this  case  the  superficial 
Bwlecules  of  the  two  bodies  are  brought  into  contact  so  close  as  to  be 
within  the  sphere  of  each  other's  attraction. 

Innumerable  examples  of  the  adhesion  of  solid  bodies  are  familiar 
to  daily  experience.  We  may  write  with  chalk,  or  with  a  pencil,  or 
dbarcoal  on  a  wall  or  on  a  ceiling,  although  the  effect  of  gravity 
voald  be  to  cause  the  particles  abraded  from  the  chalky  the  lead,  or 
the  charcoal  to  fall  from  the  wall  or  the  ceiling. 

Dust  floating  in  the  air  sticks  to  the  wall  or  ceiling,  in  spite  of  the 
tendency  of  its  gravity  to  fall  from  them. 

The  force  of  adhesion  of  solid  surfaces  one  to  another  may  be 
Hcertained  by  placing  the  adhering  sur&ces  in  a  horizontal  position, 
the  lower  one  being  attached  to  a  &ed  point,  and  the  upper  one  con- 
oected  with  the  arm  of  a  balance.  The  weight  necessary  to  separate 
them  is  the  measure  of  the  adhesion.  If  we  desire  to  ascertain  the 
UDOunt  of  adhesion  per  square  inch  of  surface,  it  is  only  necessary  to 
divide  such  weight  by  the  magnitude  of  the  adhering  surface  ex- 
pressed in  square  inches. 

367.  Adhesion  of  wheels  of  locomotive  to  the  rails. — It  is  on  the 
idheaon  hetweoD  metallic  Bur&cea  when  pressed  strongly 

16T 


168  OF  FORCE  AMD  MOTION. 

that  the  efficacy  of  a  locomotxTe  en^ne  depends.  The  driTiDg^whadi 
press  with  a  great  weight  upon  the  rails,  and  are  made  to  renhc 
round  their  own  centres  by  the  force  of  the  eng^e.  If  then  mn 
no  adhesion,  or  even  insufficient  adhesion  between  the  tire  of  dii 
wheel  and  the  rail  on  which  it  is  pressed,  the  wheel  would  tarn  with- 
out advancing ;  and  this  actually  does  happen  in  oaaee  where  the  nib 
are  greasy,  and  very  frequently  when  they  are  ooTered  with  a  hflv 
frost,  the  contact  being  then  interrupted,  and  Uie  matter  between  the 
wheel  and  the  rail  not  offering  the  necessary  adhesion. 

3G8.  Effect  of  lubricants. — On  the  other  hand,  when  the  fbm 
applied  to  break  the  adhesion  is  directed  peipendicalarly  to  the  ai- 
hering  surfaces,  a  fluid  or  unctuous  matter  smeared  upon  the  snzfroi 
often  increases  the  adhesive  force. 

Thus  two  metallic  plates  will  adhere  with  greater  fonse  tmther  if 
they  are  smeared  with  oil  than  when  they  are  dean.  This  mif 
partly  arise,  however,  from  the  fact  that  the  film  of  oil  which  cona 
thcni  excludes  air  more  effectually  than  oonM  be  aooomplished  in  tkl 
case  of  surfaces  so  considerable  by  mere  pressure. 

369.  The  bite  in  metal  working  explained.  —  The  efleet  knoffi 
amongst  workers  in  metal  as  the  bite  is  the  adhesion  of  two  metaUb 
surfaces  brought  into  extremely  close  contact  It  may  be  doaM 
whether  this  adhesion  would  not  be  diminished  if  some  fliud  woi 
introduced  between  the  surfaces. 

370.  Effect  ofgluesy  solders,  and  like  adherents. — ^The  adhcm 
of  the  surface  of  solids  may  be  rendered  more  intense  than  eren  (k 
cohesion  of  the  particles  of  the  solids  themselves  by  interpoSBg 
between  them  some  substance  in  a  liquefied  form,  whioh  ii*H^«^  1^ 
cold,  and  which  when  hard  has  a  strength  equal  to  or  greater  tfan 
that  of  the  solids  which  it  unites. 

Glues,  cements,  and  solders  supply  remarkable  examples  of  thii. 
Two  pieces  of  wood  glued  together  will  break  anywhere  rather  An 
at  their  joint.  The  processes  of  pldine  and  plating  alao  MOfi^ 
examples  of  the  adhesion  of  metals  to  each  other. 

371.  Silvering  mirrors. — The  process  of  silvering  mirron  il  ai 
example  of  the  adhesion  of  metal  to  glass ;  and  that  of  mortnr  ia 
building  is  an  example  of  the  adhesion  of  earthy  matters  to  eiA 
other. 

Two  pieces  of  caoutchouc,  if  pressed  together  upon  fieBhlrGOk 
surfaces,  will  be  found  to  unite  as  completely  as  if  they  oompoeed  one 
independent  piece. 

872.  Adhesion  and  repulsion  between  solids  and  liquids,  —  Nu- 
merous examples  indicate  the  force  of  adhesion  between  solids  and 
liquids.  If  we  plunge  the  hand  in  a  basin  of  water,  when  we  with- 
draw it  the  hand  will  be  wet,  a  quantity  of  the  water  adhering  to  ii 
in  spite  of  the  tendency  of  its  gravity  to  drop  from  the  skin. 

Adhesion;  however,  does  not  invariably  exist  between  aolidi  ui 
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liqnidfl.     If  we  dip  the  hand  in  a  basin  of  qoickailTer,  the  liquid  wiU 
not  adhere,  and  the  hand  will  not  be  wetted. 

If  a  body  covered  with  a  coating  of  grease  or  other  nnctnons  snb- 
itanoe  be  immersed  in  water,  it  will  not  be  wet  on  beine  withdrawn. 
The  same  is  true  of  the  plumage  oi  water-fowl,  to  which  water  does 
Act  adhere. 

If  water  be  spilled  on  glass  or  paper,  it  spreads  over  it,  and  adheres 
to  it;  and  if  the  glass  or  paper  be  held  in  an  upright  position,  itA 
surface  continues  to  be  covered  with  a  stratum  of  water,  manifesting 
the  force  of  adhesion  between  these  bodies;  but  if  quicksilver  be 
poured  on  glass  or  paper,  it  rolls  freely  about  in  spherical  globules, 
mod  if  the  glass  or  paper  be  held  in  an  upright  position,  it  falls  off, 
and  no  pftrt  adheres. 

If  a  rod  of  gold,  silver,  tin,  or  lead,  be  plunged  in  quicksilver,  the 
liquid  will  adhere  to  the  surface  of  the  rod ;  but  if  a  rod  of  iron  or 
platinum  be  immersed  in  the  Quicksilver,  it  will  not  adhere  to  the 
metaL  It  appears,  therefore,  that  the  superficial  particles  of  the 
former  metals  attract  the  particles  of  the  quicksilver,  but  those  of  the 
latter  do  not 

If  the  water  be  poured  into  a  gauze  strainer,  it  will  pass  fireelv 
through ;  but  if  quicksilver  be  poured  into  the  same  strainer,  it  wiu 
be  retained  as  effectually  as  though  the  strainer  wore  a  solid  body. 

If,  however,  the  bottom  of  the  strainer  thus  containing  the  quibk- 
dlver  be  brought  into  contact  with  water,  the  quicksilver  will  imme- 
diately pass  through. 

If  appears  from  this,  that  the  particles  of  the  gauze,  when  dry, 
repel  the  quicksilver,  and  that  the  particles  of  the  latter  have  a  greater 
Ibroe  of  mutual  cohesion  than  is  equal  to  the  gravity  of  particles 
having  the  magnitude  of  the  meshes  of  the  gauze,  but  that  water  has 
not  the  same  repulsion  for  the  quicksilver  as  the  gauze ;  and  accord- 
ingly, when  the  gauze  becomes  saturated  with  water,  it  no  longer 
retains  the  liquid  metal. 

873.   The  rope  pump.  —  The  instrument  called  the  cord  or  rope 

pump  depends  on  the  attraction  of  adhesion  which  takes  place  between 

the  threads  of  the  cord  and  water.     Several  endless  cords  placed 

close  beside  each  other  are  extended  between  two  pulleys,  one  at  the 

top  and  the  other  at  the  bottom  of  the  machine,  so  that  when  one  of 

the  pulleys  is  made  to  revolve,  these  cords  turn,  rising  at  one  side 

and  falliuff  at  the  other.     The  lower  part  is  submerged  in  the  wel* 

from  whicn  the  water  is  to  be  raised,  so  that  a  portion  of  the  cords  i 

below  the  surface  of  the  water.     The  upper  pulley  being  then  madi 

to  revolve,  the  cords  at  one  side  descend  into  the  water,  and  at  the 

«ther  side  rise  oat  of  it.     These  are  pkced  so  close  together,  that  the 

mter  adhering  to  two  adjacent  cords,  fills  the  space  between  them ; 

ad  thus  a  sheet  of  water  is  raised  from  the  lower  to  the  higher  pul- 

le^  by  the  ascending  cords,  and  is  discharged  into  a  reservoir  above 
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374.  Glass  attracts  water  hut  repels  mercury.  —  If  water  be 
poured  into  a  glass  vessel,  its  surfuce  will  be  sligbtlj  concave  near  the 
edges;  the  liquid  l)eing  attracted  by  the  &de&^  will  rise  at  theee 
points  above  its  general  level. 

But  if  mercury  be  poured  into  the  same  vessel,  the  surface  of  the 
edges  will  be  slightly  convex,  because  a  repulsion  exists  between  the 
vessel  and  the  mercury,  or  at  least  an  absence  of  sufficient  attraction 
prevails  to  counteract  the  mutual  cohesion  of  the  particles  of  mercury; 
the  latter,  therefore,  have  a  tendency  to  cohere,  and  the  parts  of  the 
fluid  next  the  glass  are  accordingly  depressed  below  the  general  level 

The  same  effect  will  take  place  with  water,  if  the  inner  surfiuw  of 
the  glass  be  smeared  with  any  unctuous  substance  which  repels  water. 

If  water  be  poured  from  a  glass  vessel  with  perpendicular  sdOf 
and  without  any  bend  at  its  edge,  it  will,  instead  of  falling  straight 
to  the  ground,  trickle  down  the  outer  surface  of  the  glassi  thus  show- 
ing  the  adhesion  of  the  water  with  the  glass;  but  if  mercniy  he 
poured  from  the  same  vessel,  it  will  not  trickle  down,  but  will  fill 
directly  to  the  ground. 

Nevertheless,  a  very  feeble  degree  of  adhesion  prcyails  between 
sur&ces  and  liquids  which  generally  repel  each  other,  as  is  indicated 
by  the  fact  that  small  particles  of  water  will  adhere  to  oiled  surface^ 
and  small  particles  of  mercury  to  glass  or  paper,  although  generally 
the  li<iuid  is  repelled. 

375.  Properties  of  capillary  tubes,  —  A  class  tube  having  la 
extremely  small  bore  is  called  a  capillary  tube,  oy  which  it  is  implied 
that  the  magnitude  of  the  bore  does  not  exceed  the  diameter  of  i 
hair.  The  term,  however,  is  applied  to  tubes  having  any  bores  not 
too  large  to  produce  the  effects  which  we  are  now  about  to  explain. 

If  such  a  tube  be  plunged  in  water,  the  water  will  enter  the  boie, 
and  fill  the  tube  to  the  level  of  the  external  water.  If  the  tube  he 
drawn  from  the  water  and  held  in  a  vertical  portion,  a  part  of  the 
water  which  filled  its  bore  will  gradually  descend  to  its  lower  extre- 
mity, and  form  a  large  drop.  When  the  magnitude  of  this  drop  b^ 
comes  so  great  that  its  weight  overcomes  the  cohesion  of  its  partielei^ 
it  will  fall  off,  and  another  drop  will  be  formed ;  but  finally  m  oolunB 
of  water,  of  a  certain  height,  will  be  sust^uned  in  the  tabe,  and  the 
drop  at  the  lower  end  will  not  be  detached. 

The  cohesion  of  the  particles  of  the  water  forming  the  drop  bang 
greater  than  the  weight  of  the  drop,  the  drop  will  not  fell  off;  bat 
.this  does  not  explain  the  fact,  that  a  column  of  water  of  a  o^taie 
height  is  supported  in  the  tube,  notwithstanding  the  tendency  of  il 
gravity  to  make  it  descend. 

376.  Capillary  attraction  in  such  tubes.  —  This  phenomenoov 
due  to  the  attraction  exerted  by  the  surface  of  the  glass  on  the  nSi 
of  the  tube  upon  the  parddes  of  water.    Even  though  the  dr6p  ^icn 
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removed,  this  column  would  still  be  sustainedy  tnd  no  new  drop 
would  collect  at  the  lower  end. 

It  IS  found  that  the  emaller  the  bore  of  the  tube  the  greater  will 
be  the  height  of  the  column  thus  supported. 

Iict  a  series  of  capillary  tubes  gradually  diminishing  in  their  bores 
be  inserted  in  holes  parallel  to,  and  at  short 
distances  from  each  other,  in  a  small  wooden 
rod,  as  represented  in  Jig,  83.  If  this  be 
plunged  in  water  and  drawn  from  it,  each 
tube  will  sustain  a  column  of  the  liquid,  and 
the  heights  of  each  will  gradually  diminish 
as  the  bores  of  the  tubes  increase,  so  that  a 
line  drawn  passing  through  the  summits  of 
the  columns  of  water  supported  would  form 
a  curve,  as  represented  in  the  figure. 

The  fact  that  the  height  of  the  column 
sopported  in  a  narrow  tube  is  creator  than  that  which  is  supported  in 
a  wider  tube,  may  be  thus  explained. 

Let  ABfJig.  84.,  represent  the  diameter  of  the  tube,  and  let  AO 
and  B  c  represent  the  distance  to  which  the  attraction  of  the  sides  of 
the  tube  at  a  and  B  extend.     A  particle  of  water  therefore  at  o,  sub- 
mitted to  the  attraction  directed  to 
^  A  and  B,  would  be  acted  on  by  a 

p  force  expressed  by  the  diagonal  o  D. 

But  if  the  diameter  of  the  tube 
were  greater,  as  represented  at  A  B, 


-^" 

y 

— 

^^ 

.^- 

Fig.  83. 


^  Jig.  85.,  the  distance  to  which  the 

attraction  extends  being  still  the 

same,  the  sides  of  the  parallelogram 

A  0  and  B  0  would  be  equal  to  A  o 

Fig.  84.  Fig.  85.  and  B  c.Jig,  84. ;  but  the  diagonal 

A  B,  Jig,  85.,  being  longer  than 
A  B,^^.  84.,  the  diagonal  c  d,  Jig,  85.,  rcpresentinff  the  attraction^ 
would  be  less.  Hence  c  T>jjig'  84.,  representing  the  attraction  in 
the  narrow  tube,  will  be  greater  than  CD, Jig,  85.,  representing  the 
attraction  in  the  wider  tube. 

In  accordance  with  this  conclusion,  it  is  found  practically  that  the 
heights  to  which  columns  of  water  will  be  sustained  in  different  tubes 
are  inversely  as  their  diameters ;  that  is  to  say,  if  the  diameter  of 
one  tube  be  half  that  of  another,  the  height  to  which  the  water  risef 
in  it  will  be  double  that  of  the  other. 

377.  Capillary  attraction  manifested  between  plane  surfacei,  — 

Capillary  attraction  is  likewise  manifested  between  two  plane  surfaces 

(brought  close  to  each  other.     If  two  plates  of  glass,  for  example,  be 

I  fixed  parallel  to  each  other  without  touching,  but  with  a  very  small 

'«pv*e  bf'^een  them,  *hej  will  support  a  quantity  of  water  between 
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and  tbis  resaltant  will  be  equal  to  tbe  resultant  of  th«  oentnlo^ 
forces  above  K  l,  directed  to  tbe  Bide  of  tbe  an^le  a. 

It  follows,  tborefure^  tbat  tbe  axis  pq  round  wbicb  the  plate  t^ 
Tolves  will  be  alTectod  hy  forces  having  two  roBuItauta  parallel  to  eack 
other  and  in  opposite  directions^  one  perpendicular  to  o  p,  and  dtreci^ 
ed  towards  the  side  a,  and  tbe  other  perpendicular  to  O  Q,  and  dizeci- 
ed  towards  the  side  c. 

These  two  forces  form  a  couple^  and  have  a  tendency  to  toni  the 
axis  of  revolution  towards  the  position  nn,  as  represented  bj  tbe 
arrows  in  the  diagram. 

841.  Centrifugal  forces  round  such  an  axis  are  either  in  emolh 
hrium  or  are  equivalent  to  a  couple, — This  property  is  genenUy  il- 
though  it  cannot  be  demonstrated  in  all  its  aniyersality  withoat  the 
aid  of  the  language  and  principles  of  the  higher  analysis. 

It  may  be  stated  thus : — 

In  all  bodies  whatever,  there  are  three  lines  passing  throngh  tbe 
centre  of  gravity  which  are  at  right  angles  to  each  other,  each  of 
which  is  so  placed,  in  reference  to  the  mass  of  the  body,  that  tbe 
centrifugal  forces  produced  by  the  revolution  of  the  body  round  then 
respectively  will  be  in  equilibrium ;  and  such  lines,  when  the  body 
revolves  round  them,  will  suffer  no  strain  or  pressure. 

But  if  the  body  be  made  to  revolvo  round  any  other  line  pasnog 
through  the  centre  of  gravity,  the  centrifugal  force  will  produce  i 
strain,  which  will  be  represented  by  two  equal  opposite  and  parallel 
forces  acting  upon  the  axis  at  opposite  sides  of  the  centre  of  gravitj, 
and  having  a  tendency  to  turn  the  axis  in  the  position  of  one  cr 
other  of  the  three  axes  of  equilibrium  here  mentioned. 

342.  Axes  of  centrifugal  equilibrium  called  principal  axes.—' 
An  axis  round  which  tbe  centrifugal  force  equilibrates  is  called  i 
principal  axis  ;  and  from  what  has  been  explained,  it  appears  thit 
there  are  three  principal  axes  through  tbe  centre  of  gravity  at  right 
angles  to  each  otbcr. 

343.  Case  in  which  all  lines  through  centre  of  gravity  are  pri»' 
eipal  axes.  —  Tberc  are  some  particular  cases  in  which  every  lioe 
passing  through  the  centre  of  gravity  is  a  principal  axis ;  such,  tor 
example,  is  the  case  with  a  sphere  or  globe  of  uniform  density.  Snch 
a  solid,  whatever  diameter  it  may  revolve  round,  will  be  a  solid  cf 
revolution^  and  the  sections  perpendicular  to  such  diameter  will  he 
circles. 

Tbe  same  principle  is  true  of  all  the  regular  solids.  All  linefly  for 
example,  passing  through  tbe  centre  of  a  cube  arc  principal  axes. 

344.  Case  of  an  axis  of  revolution  parallel  to  a  principal  axis 
-through  the  centre  of  gravity,  —  If  a  solid  be  made  to  revolve  rcmiid 
an  axis  which  does  not  pass  through  the  centre  of  gravity,  but  whidi 
is  parallel  to  one  or  other  of  the  principal  axes  passing  through  tint 

point,  the  centrifugal  forces  will  not  equilibrate  round  snch  axi%  bat 
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ihej  will  be  represented  by  a  siDgle  force  perpendicular  to  it,  and 
passing  through  the  centre  of  gravity. 

345.  Such  axU  called  also  a  principal  axis,  —  Such  an  axis  is 
called  a  principal  axis,  and  in  general  there  are  three  such  axes  cor- 
responding with  such  points  taken  in  the  body,  which  are  parallel 
respectively  to  the  principal  axis  passing  through  the  centre  of 
gravity. 

346.  nree  principal  axes  at  right  angles  to  each  other  pass 
through  each  point.  —  It  may  therefore  be  stated,  in  general,  that  if 
any  point  in  a  body  be  taken  different  from  the  centre  of  gravity, 
there  are  three  lines  passing  through  it  at  right  angles  to  each  other, 
round  each  of  which,  if  the  body  is  made  to  revolve,  an  effect  will 
be  produced  by  Uie  centrifugal  forces  which  can  be  represented  by  a 
single  force,  perpendicular  to  the  circumference,  and  passing  through 
the  centre  of  gravity. 

347.  Effect  of  revolution  round  a  line  which  is  not  a  principal 
axis.  —  If  the  body  be  made  to  revolve  round  any  line  passing 
through  a  given  point  in  it  which  is  not  a  principal  axis  in  the  sense 
just  referred  to,  Uien  the  centrifugal  forces  produced  by  such  rcvolu- 
tion  cannot  be  represented  either  by  a  single  force  or  by  a  pair  of 
equal  and  opposite  parallel  forces,  but  will  be  represented  by  both  of 
these  together.  This,  therefore,  is  the  character  of  all  axes,  round 
which  a  body  would  move,  which  do  not  pass  through  the  centre  of 
gravity,  and  are  not  parallel  to  either  of  the  principal  axes  passing 
through  that  point. 

348.  Experimental  illustrations  of  these  properties.  —  Many  of 
these  important  properties  admit  of  being  experimentally  illustrated 
in  a  very  striking  manner  by  a  simple  apparatus. 

Let  a  body  be  suspended  by  a  thread,  or,  better  still,  by  a  skein 
composed  of  several  threads,  from  a  fixed  point.  Let  this  fixed  point 
be  so  arranged,  that  a  rapid  rotatory  motion  may  be  given  to  it.  This 
rotatory  motion  will  soon  be  imparted  to  the  body  suspended  to  the 
threads  by  the  twisting  of  the  skein,  and,  after  a  time,  the  rotation 
of  the  body  will  become  extremely  rapid.  It  will  first  take  place 
round  the  line,  passing  vertically  through  it  in  the  direction  of  the 
skein,  when  it  hangs  quiescent  K  this  line  happen  to  be  one  of  the 
principal  axes  passing  through  its  centre  of  gravity,  it  will  continue 
to  revolve  round  it;  but  if  it  be  not  one  of  these  principal  axes,  the 
centrifugal  force,  as  has  been  already  explained,  will  produce  an  effect 
upon  it,  represented  by  two  equal,  opposite,  and  parallel  forces  tend- 
ing to  twist  it.  This  effect  will  be  soon  rendered  manifest  in  a  re- 
markable manner :  the  body,  when  it  revolves  rapidly,  will  not  con- 
tinue in  the  same  position  which  it  had  when  it  was  quiescent  The 
line  which  was  in  the  direction  of  the  string  will  begin  to  take  another 
direction,  the  point  where  the  string  is  attached  to  it  will  not  remain 
in  its  first  position,  and  the  body  will  throw  itself  into  a  position  more 
14*  Wl 
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attraction,  both  on  the  water  and  on  the  alcohol ;  but  a  itraii|pr 
attraction  on  the  former  than  on  the  latter.  If,  then,  the  chGoucid 
attraction  of  the  water  on  the  alcohol,  and  the  alcohol  on  the  water, 
be  assumed  to  be  equal,  then  the  mater  capillaiy  attraction  of  tibs 
pores  of  the  bladder  for  the  water  than  for  the  alcohol^  will  ezpUin 
the  fact  that  more  water  passes  into  the  Teasel  containing  alcohol 
than  alcohol  into  the  vessel  containing  water. 

In  this  cose  we  have  supposed  the  water  to  pess  downwards  oa 
tlie  bladder  within  which  the  alcohol  is  contained.  The  same  effect 
however,  would  take  place  if  the  bladder  were  presented  downward^ 
and  the  water  pressed  a^nst  it  upwards.  The  same  resulta  woold 
also  ensue,  if  ^e  vessel  inclosed  bj  the  bladder  contained  water,  and 
were  immersed  in  a  larger  vessel  containing  alcohoL 

387.  Motion  of  a  glass  bulb  floating  on  water.  —  If  a  hoUof 
glass  sphere,  blown  so  thin  as  to  be  extremely  light,  be  floated  on  the 
surface  of  water  which  half  fills  a  glass  vessel,  it  inll,  if  placed  nor 
the  side,  move  towards  the  side  with  an  accelerated  motion,  and  vill 
soon  touch  the  side  and  remain  in  contact  with  it  This  movement 
is  produced  by  the  attraction  of  the  water,  which  rises  upon  the  nk 
of  the  vessel,  as  abready  explained,  upon  the  light  elaaa  bulb. 

If  the  vessel  be  now  filled  without  agitating  the  liquid  in  it,  whkk 
may  be  done  by  introducing  the  water  by  means  o£  m  funnel,  the 
lower  orifice  of  which  is  at  some  depth  below  the  aur&oe,  bo  as  to 
fill  it  to  the  brim  until  the  water  becomes  convex  at  the  top,  without 
however  overflowing,  the  glass  bulb  will  then  move  from  the  side  of 
the  vessel  towards  the  centre ;  but  the  water  being  now  convex  in- 
stead of  concave,  that  which  touches  the  bulb  on  the  inside  rises 
higher  upon  it  and  attracts  it. 

Two  small  glass  bulbs  floating  near  each  other  will  attnoi  ead 
other  from  the  same  cause ;  but  if  the  glass  bulb  in  either  of  then 
cases,  and  the  sides  of  the  vessel,  be  fl;r^Lsed,  so  that  the  water  ihaU 
not  rise  upon  them,  opposite  effects  take  place. 

174 
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THEOBT  OF  MACHINEBT. 


CHAPTER  I. 

GENERAL  PRINCIPLES. 

888.  What  eonaitMti  a  machine,  —  A  machine  is  an  instrument 
or  apparatus  by  which  a  force  applied  at  a  certain  point,  and  haying 
a  certain  determinate  intensity  and  direction,  is  made  to  exert  a  force 
at  another  point,  more  or  less  distant  from  the  former^  and  generally 
different  in  intensity  and  direction. 

Thus,  for  example,  a  horse  moving  on  a  horizontal  road  in  a  circle, 
is  made  to  raise  a  weight  vertically  in  the  shaft  of  a  mine,  or  water 
from  the  shaft  of  a  well. 

Men  pulling  at  a  rope  in  some  direction  more  or  less  oblique,  are 
enabled  to  raise  a  mass  of  heavy  matter  from  the  hold  of  a  ship,  and 
to  transfer  it  to  a  distant  wharf. 

889.  The  moving  power. — The  force  which  is  applied  to  and  trans- 
mitted by  a  machine  is  technically  called  the  power;  the  point  at 
which  it  is  applied  is  called  the  point  of  application ;  its  direction  is 
the  line  in  which  the  force  has  a  tendency  to  make  the  point  of  ap- 
plication move;  and  its  intensity  is  usually  expressed  by  a  weight 
which,  acting  at  the  same  point  of  application,  would  produce  a  £ke 
effect  upon  it 

The  moving  powers  applied  to  and  transmitted  by  machinery  are 
infinitely  various.  In  the  capstan  of  a  ship,  the  moving  power  is 
human  force  applied  to  it;  in  a  common  pump,  the  same  moving 
force  is  used ;  a  horse  is  the  moving  power  applied  to  vehicles  of 
transport  on  common  roads,  and  a  steam-engine  on  railways;  the 
wind  is  the  moving  power  applied  to  a  sailing  vessel  and  to  a  wind- 
mill; the  momentum  of  water  acting  against  the  fioat-boards  of  a 
wheel,  or  its  weight  acting  in  the  buckets,  is  the  movine  power  of  a 
water-wheel ;  the  elastic  force  of  steam  acting  on  the  piston  in  tho 
cylinder,  is  the  moving  power  of  the  steam-engine. 

890.  The  working  point,  —  That  part  of  a  machine  which  is  im- 
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Died  lately  applied  to  the  resistance  to  be  overcome,  is  caUcd  the  worh- 
ing  point. 

801.  T/ie  weight.  —  The  resistance,  whatever  be  its  natare,  to 
which  the  working  point  is  applied,  is  techuicallj  called  the  weight 
or  load. 

In  many  cases,  weight  is  the  actual  rcsistanoe  which  machinefl  ve 
applied  to  overcome ;  as,  for  example,  in  raisiog  water  from  a  well  or 
from  mines ;  also  in  raising  ore.  In  some  cases,  the  resistance  to  be 
overcome  is  friction,  used  for  the  purpose  of  fractarinff  and  palverift* 
ing  material  substances.     This  is  the  case  in  flour-miUs. 

In  some  cases,  the  resistance  to  be  overcome  is  the  finction  of  sm^ 
faces  and  the  resistance  of  the  air.  This  is  the  case  when  caniagei 
are  moved  on  level  roads  or  railways. 

Whatever  be  the  nature  of  the  resistance,  a  weight  which  would 
produce  an  equivalent  force  acting  against  the  moving  powefy  maj  be 
assigned.  Thus,  for  instance,  if  the  traces  of  a  carriage  dlrawn  bj 
horses,  or  the  chain  connecting  a  locomotive  with  a  railway  train,  be 
stretched  by  the  resistance  of  the  carriage  or  the  train,  a  weight  maj 
be  substituted,  which,  being  suspended  vertically  from  the  traces  or 
the  chain,  would  produce  the  same  tension.  The  resistance  in  sock 
case  is  expressed  by  stating  the  amount  of  this  weigh t 

392.  Various  resistances  and  physical  conditionM  amitUd  pr^ 
visional ly  in  the  exposition  of  the  theory  of  machinery, — In  the  ex- 
position of  the  theory  of  machinery,  it  is  expedient  to  omit^  in  the 
first  instance,  the  consideration  of  many  circumstances,  of  which, 
however,  a  strict  account  must  be  subsequently  taken,  before  any 
practically  useful  application  of  them  can  be  made.  A  Tn«rlim», 
such  as  we  must  for  the  present  contemplate  it,  is  a  thing  which  eaa 
have  no  real  or  practical  existence.  Its  various  parts  are  considered 
to  be  free  from  friction.  Thus  the  surfaces  composing  it,  which  moTO 
in  contact  with  each  other,  are  assumed  to  be  infinitely  smooth  and 
polished ;  the  solid  parts  are  all  considered  to  be  absolutely  ri^d  and 
inflexible. 

The  weight  and  inertia  of  the  matter  composing  the  machine  Itself 
arc  wholly  neglected,  and  we  reason  upon  it  as  if  it  were  divested  of 
these  qualities.  Cords,  ropes,  and  chains  are  supposed  to  have 
neither  stiffness,  thickness,  nor  weight ;  they  are  re^rded  as  mathe- 
matical lines,  infinitely  flexible  and  infinitely  strong.  The  machine, 
when  it  moves,  is  assumed  to  encounter  no  resistance  from  the  air, 
and  to  be  in  all  respects  circumstanced  as  if  it  were  in  a  vacuum. 

These  suppositions  being  all  false,  it  follows  that  none  of  the  coa- 
sequences  immediately  deduced  from  them  can  be  true.  Neverthe- 
less, as  it  is  the  business  of  art  to  bring  machines  as  near  to  this  state 
of  ideal  perfection  as  possible,  the  conclusions  which  are  thus  obtain- 
ed, though  false  in  a  btrict  sense,  yet  deviate  from  the  tmth  in  no 
(•ousidcmble  degree. 
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These  conclusions  may,  in  fiict,  be  regarded  as  a  first  approximation 
to  truth. 

o93.  Physical  science  consists  of  a  series  of  approximations  to 
tndk,  —  The  various  effects  which  have  been  previously  neglected  arc 
jficrwards  taken  into  account 

The  roughness  of  surfaces,  the  imperfect  rigidity  of  the  solid  parts, 
the  imperfect  flexibility  of  cords  and  chains,  the  resistance  of  the  air 
ind  other  fluids,  and  th^  effects  of  the  weight  and  inertia  of  the 
machine  itself,  are  afterwards  severally  examined,  their  properties 
explained,  and  the  manner  in  which  they  modify  the  transmission  of 
the  power  to  the  weight  developed.  These  modifications  and  correc- 
tions being  applied  to  the  conclusions  obtained,  a  second  approxima- 
tion to  the  truth  is  made,  but  still  only  an  approximation ;  for  in  in- 
vestigating the  laws  which  govern  the  several  effects  last  mentioned, 
we  are  compelled  to  proceed  upon  a  new  group  of  false  suppositions. 

To  determine  the  laws  which  regulate  the  friction  of  surfaces,  it  is 
necessary  to  assume  that  the  surfaces  are  uniformly  rough  and  subject 
to  uniform  pressure;  that  the  solid  parts  which  are  imperfectly  rigid, 
ud  Uie  coitls  and  chains  which  are  imperfectly  fiexible,  arc  consti- 
tuted throughout  their  entire  dimensions  of  a  uniform  material,  so 
that  the  imperfections  do  not  prevail  more  in  one  part  than  in  another. 
Thus  all  irregularity  is  left  out  of  account,  and  a  general  average  of 
the  efiects  taken.  It  is  obvious,  therefore,  that,  even  in  this  second 
mtem  of  reasoning,  we  have  still  failed  in  obtaining  a  result  exactly 
conformable  to  the  real  state  of  things.  But  it  is  equally  obvious 
that  we  have  obtained  one  much  more  conformable  to  that  state  than 
had  been  previously  accomplished ;  and,  in  fine,  it  is  found  that  the 
oonclusions  thus  obtained  are  sufficiently  near  the  truth  for  practical 
purposes. 

394.  This  gradual  approximation  to  truth  not  peculiar  to  mechan- 
ical science.  —  The  imperfections  in  our  process  of  investigation, 
manifested  in  this  laborious  system  of  successive  approximation  to  the 
troth,  is  not  peculiar  to  Natural  Philosophy.  It  pervades  all  depart- 
ments of  natural  science.  In  Astronomy,  the  motions  of  the  celestial 
bodies,  and  their  various  changes  and  appearances  as  developed  by 
theory,  a.ssisted  by  observation  and  experience,  consist  of  a  like  series 
of  approximations  to  the  real  motions  and  appearances  which  take 
flace  in  nature. 

It  is  the  same  in  Art.  The  first  labors  of  the  artist  produce  from 
the  rude  block  of  marble  a  rough  and  rude  resemblance  of  the  huninc 
form.  The  next  attempts  remove  the  greater  inequalities  and  protu 
herances,  and  reduce  the  form  to  a  closer  resemblance  to  the  original 
It  is  not,  however,  until  after  a  long  succession  of  operations,  ic 
which  smaller  and  smaller  portions  of  the  stone  are  detached,  that 
the  last  labor  of  the  chisel  of  the  master  completes  the  resembVAXiv^vi. 

S93.  JSSm^  a  maMne  is promsionally  regarded,  —  We  diaW  l\iex^ 


178  THEORY  OF  MACHINERT. 

fore  for  the  present  consider  the  machine,  by  which  the  efiect  of  ^ 
power  is  traDsmitted  to  the  working  point^  as  divested  of  weight  and 
inertia ;  we  shall  consider  all  the  pivots,  axles,  and  sur&oes  whidi 
move  in  contact  absolutely  devoid  of  friction;  we  shall  consider  all 
cords,  ropes,  and  chains  to  be  absolutely  and  perfectly  flexible,  and  to 
be  moved  in  contact  with  the  grooves  and  wheels  without  fiictioB; 
and,  in  fine,  we  shall  consider  the  machine  itself,  as  well  as  the  agent 
exerting  the  power,  and  the  matter  composing  the  weighty  to  move 
without  resistance  from  the  air  or  any  other  tuid. 

806.  Mechanical  truths  improperly  invetied  wiik  ike  appearoMa 
of  paradox.  —  The  exposition  of  the  effects  of  machinery  is  ofieo 
invested  with  the  appearance  of  paradox.  Astonishment  is  excitsd 
at  what  seems  incompatible  with  the  results  of  common  cxperienoe, 
rather  than  admiration  of  the  genius  and  skill  by  which  simple  snl 
obvious  principles  are  so  applied  as  to  produce  unexpect^  lesaits. 

Thus  it  is  stated  that,  by  means  of  a  machine,  a  power  of  oompa 
ratively  insignificant  amount  is  capable  of  supporting  or  raiung  a  vait 
weight;  as,  for  example,  it  is  affirmed  that  the  fingers  of  an  infimft 
pulling  a  thread  of  fine  silk,  which  a  pound  weight  could  snap  asun- 
der, are  capable  by  this  or  that  machine  of  supporting  or  xusiDg 
several  hundred  weight. 

Statements  like  mese,  if  literally  understood,  are  fidlacions;  if 
rightly  explained,  they  involve  nothing  which  is  not  consistent  with 
our  habitual  experience. 

897.  Effects  of  fixed  points  or  props.  —  In  every  machine  there 
are  some  fixed  points  or  props,  and  the  arrangement  of  the  parts  ii 
always  such,  that  all  that  portion  of  the  weight  not  directly  acting 
against  the  p<jwer  is  distributed  among  these  props. 

If  the  wi'ight,  for  example,  amount  to  20  cwt,  it  is  possible  so  to 
arrange  it,  that  any  proportion  of  it,  however  great,  may  be  thrown 
upon  the  fixed  points  or  props  of  the  machine :  the  remaining  put 
only  can  properly  be  said  to  be  supported  by  the  power,  and  this  part 
BO  supported  can  never  be  greater  than  the  power.  Gonsidoring  the 
effect  of  a  machine  in  this  manner,  it  appears  that  the  power  sop* 
ports  just  so  much  of  the  weight,  and  no  more,  as  is  equal  to  its  own 
force,  and  that  all  the  remaining  part  of  the  weight  is  sustained  hj 
the  machine. 

The  force  of  this  observation  will  become  more  and  more  apparent 
when  the  conditions  are  explained,  under  which  a  power  and  weight 
can  maintain  each  other  in  equilibrium,  through  the  intervention  of  a 
machine,  whether  simple  or  complex. 

898.  Jin  indefinitely  small  power  raising  an  indefinitely  gnat 
weight  involves  no  paradox,  —  But  if  the  power,  instead  of  merely 
supporting  the  weight  at  rest,  be  employed  to  raise  this  weight  a 
given  height,  it  may  be  asked  how  it  can  be  expluned  that  a  power 
indeBoitelj  small  can  lift  a  weight  indefinitely  great 
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Hie  pandozical  ebancter  of  this  statement  arises,  as  is  the  case 
lermlly  in  such  propositioDS,  from  the  omission  of  an  important 
dition.  It  is  quite  true  that  a  feeble  power  is  capable  of  raising 
fat  ireighty  but  it  is  necessary  to  add  that  in  doing  this,  tlie  feeble 
ler  must  act  through  a  space  just  so  much  greater  than  that 
tmgh  which  the  weight  is  raised,  as  the  weight  itself  is  greater 
ID  the  power.  Thus,  if  a  weight  of  1000  lbs.  be  raised  one  foot 
a  power  whose  force  is  only  equal  to  1  lb.,  then  such  power  in 
9Dg  the  weight  must  move  through  1000  feet. 
Now  when  this  condition  is  stated;  the  proposition  is  stripped  alto- 
dier  of  its  paradoxical  character. 

There  is  nothing  at  all  astonishing  in  the  fact,  that  one  thousand 
seesftire  exertions  of  a  force  of  one  pound,  each  exertion  being 
ide  through  the  space  of  one  foot,  should  raise  a  1000  lbs.  weight 
rough  the  height  of  one  foot.  There  is  nothing  more  surprising  in 
ch  a  hcty  than  if  the  1000  lbs.  weight  being  divided  into  1000 
oad  parts  were  raised  by  a  thousand  successive  efforts  of  the  power 
tfaont  the  inter>'ention  of  any  machinery. 

899.  Ejects  of  a  machine  under  different  relations  of  the  pmcer 
h2  weight.  —  It  will  be  necessary  to  consider  the  effect  produced  by 
eans  of  a  machine  under  three  distinct  relations  between  the  power 
id  weight,  viz., 

I.  When  the  power  equilibrates  with  the  weiffht. 
IL  When  the  power  is  greater  than  that  which  equilibrates 

with  the  weight. 
in.  When  the  power  is  less  than  that  which  equilibrates  with 

the  weight. 
400.  When  the  power  and  weight  are  in  equilibrium,  rest  is  not 
*ce$sarily  implied.  —  The  power  and  weight  are  said  to  be  in  equi- 
brinm  when  they  are  so  related  to  each  other  that  when  placed  at 
st  they  will  remain  so.  It  is  a  great,  but  very  common  error,  to 
ippose  that  equilibrium,  as  applied  to  a  machine,  necessarily  implies 
St  or  the  absence  of  motion.  It  is  easy  to  show  that  if  the  power 
id  weight,  being  in  equilibrium,  are  put  in  uniform  motion,  they 
111  continue  that  uniform  motion  exactly  as  a  mass  of  matter  would 
» in  virtue  of  its  inertia,  if  moving  independently  of  anj  machine  ; 
r  if  we  were  to  suppose  that  such  motion  would  cease  either  sud- 
nly  or  gradually,  we  necessarily  also  suppose  a  definite  force  ap- 
ied  to  the  machine  to  stop  its  motion.  Since  the  power  and  weight 
e  in  equilibrium,  they  cannot  of  themselves  stop  or  retard  the  mo- 
rn. It  is  true  that  the  motion  will  in  practical  application  be  gra 
ally  retarded,  but  that  will  be  the  effect  of  friction  and  atmospheric 
sistancC;  both  of  which  are  at  present  excluded  from  consider- 
ion. 

We  cannot^  on  the  other  band,  suppose  the  uniform  molioxi  \m- 
Tied  to  the  power  and  weight  to  be  accelerated.  witViOTlt  wrp^^^l 
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the  appliciitiou  of  some  aJeijuate  force  to  produce  such  accclcra.^^^^ 
the  power  and  weight  being  excluded  by  the  very  condition  of   tt^ 
equilibrium.  .^S^ 

Let  us  suppose  the  power  and  weight  to  bo  connected  with  ^40 
machine  by  cordsy  by  which  they  are  suspended  £rom  their  re^ 
points  of  application,  both  beinff,  as  nsnaly  represented  by  eqpn^ 
weights.  Now  the  cords  by  which  they  are  suspended  wiU  be  ■( 
ed  with  the  same  force,  whether  the  power  and  weight  be  at  nil|C^^ 
in  uniform  rectilinear  motion ;  and  consequently  the  relation  betWM^^ 
them  in  both  cases  must  be  the  same. 

401.  Equilibrium  infers  either  absolute  rest  or  wdform  wotifli— -""^ 
The  repose  or  the  uniform  motion  of  the  power  and  weight  are  thnt*^ 
fore  the  tests  of  equilibrium.    Without  these  equilibrium  cannot  Hb^ 
sist,  and  with  cither  of  them  it  must  subsbt 

If  a  machine  acted  on  by  a  power  and  weieht  be  at  rest,  or  bek 
uniform  motion,  the  power  and  weight  must  be  in  equilibriom;  nl 
if  the  power  and  weight  be  in  equilibrium,  they  must  be  either  il 
rest  or  in  uniform  motion. 

The  most  common  state  of  machines  which  are  under  the  ope» 
tion  of  equilibrating  forces,  is  that  of  uniform  motion,  and  not  Alt 
of  rest,  as  commonly  stated.  If  a  wind  or  water-mill  be  in  r^gidv 
operation,  its  driving-wheel  movine  with  a  uniform  speedy  then  tbi 
power  of  the  wind  or  water  will  be  in  equilibrium  with  the  reristnifli^ 
whatever  that  may  be.  If  a  steam-engine  be  in  regular  openrtkii, 
its  piston  will  move  at  a  uniform  rate,  and  the  force  of  the  atetm 
upon  it  will  be  in  equilibrium  with  the  resistance  which  it  is  applied 
to  overcome.  If  a  Kx'omotivo  en^ne  draw  a  railway  train  at  a  uni- 
form spcedf  then  the  power  exerted  by  the  engine  wUl  be  in  equili- 
brium with  the  rcsistincc  opposed  by  the  train. 

402.  JVlien  the  power  more  than  equilibrates^  accelerated  wuHm 
ensues. — Let  us  now  consider  the  case  in  which  the  power  is  greater 
than  that  which  equilibrates  with  the  weight  or  resistance. 

In  this  case  the  motion  imparted  to  the  object  moved  will  be  aooe- 
leratcd;  for  so  much  of  the  power  as  woidd  equilibrate  with  the 
weight  or  resistance  would  impart,  as  has  been  already  shown,  a  nni- 
forni  motion  to  the  object  moved.  The  surplus  power  above  thii 
amount,  therefore,  must  be  employed  in  accelerating  the  motion. 

403.  All  machines  are  in  this  state  when  started, — For  example, 
if  a  locomotive  engine  exert  a  greater  power  than  is  equivalent  to 
the  resistance  opposed  by  the  train  which  it  moves,  then  such  sur- 
plusage of  power  can  only  act  upon  the  inertia  of  the  train,  and  will 
impart  to  it  an  equivalent  amount  of  moving  force.  So  lone  as  thii 
surplus  power,  therefore,  acts,  the  mass  of  the  train  will  receive  firom 
it  a  corresponding  augmentation  of  its  momentum,  and  consequently 
will  receive  a  proportionate  increase  of  speed.     If  the  resistaoce, 

however,  opposed  by  the  tram  to  l\ie  moVvu^  v^^^i^t  v^s^g^&A^^ta  with 
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feed,  then  it  may  at  length  become  eqnal  to  the  amotiiit  of  the 
g  poyer;  and  when  it  does,  their  eqailibrinm  is  establishedy 
e  trm  is  moved  by  the  power  at  a  anifonn  speed. 
»  ooodidcNu  are  by  no  means  imaginary.  They  are  realised 
f  ease  io  which  a  train  is  started  ^m  a  state  of  rest^  and  in 
whcD  any  machine  whatever  is  first  put  in  motion. 
AnaljfsU  of  the  effect  in  thi$  can, — The  power  in  com- 
'  Its  action  must  necessarily  be  greater  than  the  resistance 
by  the  load ;  for  if  it  were  not,  it  woold  only  equilibrate 
resistance,  and  no  motion  would  ensue.  The  surplus  power 
wd  by  the  momentum  acquired  by  the  moving  mass;  and  as 
ity  aagments,  more  and  more  momentum  is  imparted.  The 
iriil  at  length  become  uniform,  either  because  the  energy  of 
r  will  be  diminished,  so  as  to  become  equal  to  the  resistance, 
e  the  resistance  will  bo  augmented,  so  as  to  become  equal  to 
r ;  or,  in  fine,  as  most  generally  happens  in  practice,  both  of 
sets  are  combined,  the  resistance  increasing  and  the  power 
ng.  This  is  always  the  case,  therefore,  when  a  machine  is 
by  a  surplus  power,  and  when,  on  the  other  hand,  there  is 
an  ordinary  resistance  on  the  side  of  the  machinery  and  of 
When  first  starting,  the  velocity  being  inconsiderable,  the 
I  of  the  air  and  other  agencies  depending  upon  speed  is  less, 
slocity  increases,  these  resistances  augment  This  augment- 
resistance,  however,  as  the  speed  increases,  is  generally 
I  than  the  diminution  of  the  moving  power ;  in  short,  a  con- 
surplus  power  is  generally  necessary,  at  starting,  to  impart 
ad  and  to  the  moving  parts  of  the  machinery  the  necessary 
m.  But  after  this  momentum  has  once  been  imparted,  then 
«mains  for  the  power  but  to  balance  the  resistance  of  the 
perly  so  called. 

Kcess  above  the  equilibrating  power  and  the  accelerated  mo- 
reciprocal  consequences.  Such  excess  necessarily  infers  the 
»d  motion  of  the  load,  and  the  accelerated  motion  of  the  load 
sach  excess. 

When  the  power  is  too  small  to  equilibrate,  the  motion  is  re- 
—  Effects  directly  the  reverse  of  these  are  developed  when 
r  applied  is  inferior  to  that  which  would  equilibrate  with  the 

9  suppose,  in  this  case,  the  machine  to  have  been  in  uniform 
md  therefore  the  power  and  weight  to  have  been  in  cquili- 
Let  the  power  then  be  diminished  by  any  amount,  however 
be  moment  this  diminution  takes  place  equilibrium  is  dcstroy- 
ower  becomes  inferior  to  the  resistance,  and  there  is  an  action 
ction  contrary  to  that  of  the  power,  and  therefore  contrarv  to 
the  motion  which  the  load  had  already  acquired,  eC(amW^ 
17/  io  the  difference  between  the  resistance  aad  iVi^  t^'WCSt. 
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This  force  will  act  3  gain  at  tbe  mom  cti  turn  of  the  load,  ind  will  siv  ■  1 
tinually  diminish  it,  uDtil,  a.t  lengthy  it  brings  tbe  load  to  rest     Vh»  1 1 
the  momciit,  therefore,  tlitit  the  power  bccoTaes  less  than  the  nsA- 
ance,  the  motion  of  tlic  load  wUl  be  gradually  retarded. 

The  inforiority  of  the  pon-cr  to  the  resistaDce,  and  a  gndiullj  » 
tardcd  motion,  are  therefore  reeipmcal  eoDsequenoes  of  each  other. 

It  may  be  useful  to  illustrate  ^till  further  these  eflWcts^  which  m 
of  considerable  iu^portance  in  practice. 

Let  us  suppose  tbe  resistance  wbteb  a  maebtue  ia  employed  to  at» 
come  to  be  represented  by  the  weighty 
^g.  86.;  and  let  tbe  power  which  idi 
aguinst  such  resistance  tbrougb  the  » 
terventiou  of  the  cord  ABC  be  teprfr 
scnted  by  tbe  foi^e  of  an  eauBd  % 
"VN'hen  tbe  animal  ia  at  rest  bcAmitafr 
lug,  tbe  eord  A  B  c  H  is  etretchodi  in&  t 
force  exactly  equal  to  thmt  of  the  wd^ 
When  the  power  begins  to  move,  a  Wh 
mentum  is  imparted  to  the  w«^ 
through  the  intervention  of  the  eni 
The  cord  ia  therefore  stretched  with  a 
*^*S-  6S,  additional  force  proportional  to  this  n«K 

roentum.  The  speed  of  tbe  power  gradually  increases  from  the  mo- 
ment its  motion  eoinmenecs  until  it  attains  that  speed  which  is  tat* 
tinued  uniform.  During  this  iucrea.^e  of  tbe  speed  of  the  power  I, 
a  corresponding  uml  continual  increase  of  momentum  is  imparted  to 
the  weight  A,  and  consequently,  during  this  interval,  the  tension  ef 
the  cord  is  constantly  greater  than  the  weight  When,  howeveTi  dN 
speed  of  the  power  11  becomes  uniform,  then  no  further  momenloB 
will  be  imparted  to  the  weight,  and  the  force  exerted  by  the  power 
will  diminish  so  as  to  become  exactly  equal  to  the  weignt^  Dariu[ 
this  unifonn  motion  the  tension  of  the  cord  will  be  the  same  at  il 
would  be  if  the  power  and  weight  were  at  rest 

When  the  weight  approaches  its  point  of  destination,  and  is  aboit 
to  be  brought  to  rest,  the  power  slackens  its  exertion,  and,  at  the  omh 
ment  that  it  becomes  less  than  the  weight,  a  moving  force  takes  effset 
equal  in  intensity  to  the  difference  between  the  power  and  weif^ 
directed  from  B  to  A.  But  against  this  there  is  the  momentun  ef 
the  weight  directed  from  A  to  B  in  virtue  of  the  uniform  velocity 
with  which  it  had  been  moving.  The  moving  force,  therefore,  fnm 
U  to  A,  represented  by  the  difference  between  the  power  n  and  tbt 
weight  A,  will  act  against  this  momentum,  and  will  gradually  diminiahit 
Although  the  upward  motion  of  the  weight,  therefore,  will  oos- 
tinue  after  the  diminution  of  the  power,  it  will  be  gradually  retardei^ 
and  after  a  ccrtaiu  interval  will  be  altogether  exhausted^  nnd  tti 
treigbt  wiU  oome  to  rest 
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These  effects  take  place  in  all  machines  whatever  when  they  are 
started  and  stopped,  and  the  circumstances  and  mechanical  laws  which 
gOTcm  them  ore  precisely  the  same  as  in  the  illustration  here  given. 

406.  The  proper  functions  of  a  machine.  —  The  use  of  a  ma- 
chine is  to  adapt  the  power  to  the  resistance.  If  the  intensity, 
direction^  and  velocity  of  the  power  were  identical  with  the  intensity 
and  direction  of  the  resistance,  and  the  velocity  required  to  be  im- 
parted to  it,  then  there  would  be  no  need  of  a  machine ;  the  power 
miffht  be  applied  immediately  to  the  resistance.  But  if  a  power  of 
feeble  intensity  is  required  to  act  against  a  great  resistance,  then  a 
machine  must  be  interposed  which  will  augment  the  intensity  of  the 
power.  Or  if  a  power  moving  in  one  direction  be  required  to  impart 
voUon  to  a  resistance  m  another  direction,  then  a  machine  must  bo 
interposed  which  will  transmit  the  effect  of  the  power  to  a  new  direc- 
tion. Or  if  a  power  having  a  certain  velocity  be  required  to  impart 
a  greater  or  less  velocity  to  the  resistance,  then  a  machine  must  be 
interposed  which  will  modify  the  velocity  in  the  required  proportion. 

But  even  these,  though  the  principal,  are  only  a  few  of  the  in- 
finite varieties  of  change  and  modification  which  machines  are  re- 
2 aired  to  effect  in  the  transmission  of  the  power  to  the  resistance, 
ndependently  of  the  directions,  intensities,  and  velocities  of  the 
moving  power  and  resistance,  the  character  of  the  respective  motions 
may  differ  in  an  infinite  variety  of  ways :  thus  the  moving  power 
may  be  one  which  acts  with  a  reciprocating  motion  between  two 
points;  as,  for  example,  that  of  the  piston  of  a  steam-engine;  and 
this  moving  power  may  be  required  to  produce  a  continuous  motion 
in  a  straight  line,  like  the  motion  of  a  train  along  a  railway. 

The  machine  which  connects  such  a  power  with  such  a  weight 
most  therefore  be  so  constructed  as  to  convert  the  reciprocating  mo- 
tion between  two  points  into  a  continuous  motion  in  a  straight  line. 

The  moving  power  may  act  in  a  straight  line,  while  the  resistance 
requires  a  circular  motion. 

Thus,  the  wind  which  acts  upon  the  arms  of  a  windmill  is  a  con- 
tinuous  rectilinear  force.  The  mill-stones  to  which  that  force  is 
transmitted,  revolve  by  a  continual  circular  motion  round  vertical 
axes.  The  machinery  of  the  windmill  must  therefore  be  adapted  to 
convert  the  rectilinear  force  of  the  wind  into  the  circular  motion  of 
the  stones. 

In  every  class  of  machines,  and  in  every  individual  machine  of 
each  class,  the  relation  between  the  velocities  and  directions  of  tht 
power  and  weight,  and  the  change  produced  on  the  character  of  the 
motion  of  the  power  when  transmitted  to  the  weight,  depends  solely 
on  the  structure  of  the  machinery. 

No  variation  in  the  magnitude  of  the  power  and  weight  can  alter 
this  relation.  Thus  the  ratio  of  the  velocities  of  the  power  and 
weight  on  a  lever  or  an  inclined  plane,  so  long  as  their  form  and 

1&& 
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proporiionB  remain  the  same,  will  be  unaltered,  md,  whatever  povs 
or  weight  be  applied  to  them,  they  will  have  this  pirtiealar  xado. 

407.  JYo  machine  can  really  add  to  the  meehameai  energy  eftk 
power, — A  machine  being  composed  of  inert  matter  oannot  genenle 
force,  and  consequently  the  working  point  cannot  exert  more  font 
than  is  transmitted  to  it  from  the  point  of  applicatkni  of  the  power. 

It  will,  in  fact,  exert  less,  because  friction  and  other  Boaroof  of 
lesistanco  must  intercept  a  portion  of  the  action  of  the  power  in  iti 
traosmission  from  its  point  of  application  to  its  working  pdnt;  bit 
as,  for  the  present,  the  consideration  of  this  apecica  of  reaiatanee  ■ 
neglected,  and  machines  are  considered  as  exempt  finom  them,  n 
shall  assume  that  the  influence  of  the  power  is  tnuDsmitted  mifr 
minishcd  to  the  working  point  But  it  is  important  on  the  odar 
hand  to  remember,  that  no  more  moving  force  can  be  so  transmitlei 

408.  Metfiod  of  expressing  the  mechanical  energy  of  ike  pemtr 
and  weight, — Now  the  energy  or  momentum  of  the  power  is  detai- 
mined  by  multiplying  the  weight  which  is  equivalent  to  it|  hj  da 
space  through  which  it  is  moved ;  and,  on  the  other  hand,  the  amt- 
ing  force  imparted  to  the  resistance  is  also  estimated  by  multipljiDg 
the  weight  which  is  equivalent  to  this  resistance  by  the  space  throngli 
which  it  is  moved. 

The  moving  force  of  the  power  is  determined  in  the  same  mamMr 
as  the  inoviDg  force  of  a  weight  equivalent  to  it,  and  moving  with  tht 
same  velocity,  would  bo  dctemuDod.  Thus,  if  we  xniutiply  lbs 
power,  or  its  equivalent  weight,  by  the  space  through  which  it  moves 
m  a  given  time ;  that  is  to  say,  by  its  velocity,  wo  shall  obtain  a  pMK 
duct  which  expresses  its  moving  force  or  mechanical  efieci. 

409.  Moments  of  power  and  weight, — This  product  ia  called  the 
momrnt  of  the  powtr. 

Thus  if  P  express  the  power  and  p  the  space  through  which  it 
moves  in  one  second,  then  p  X  p  will  be  its  moment. 

In  like  manner,  the  nioving  force  imparted  to  the  resistance  at  thi 
working  point  will  be  expressed  by  multiplying  the  resistancey  or  ths 
weight  ecjuivulcut  to  it,  by  the  space  through  which  it  ia  moved  ia  a 
given  time. 

Thus  if  w  be  the  weight,  and  w  be  the  space  through  which  it  ii 
moved  in  one  second,  then  \y  X  w  will  be  the  moving  foroe  of  tbi 
weight,  and  this  product  is  called  the  moment  of  the  weight, 

4 10.  The  relation  between  these  moments  determines  the  sUdB  ef 
the  machine,  —  The  relation  between  the  moments  of  the  power  and 
weight  determines  their  mechanical  state. 

Three  cases  are  hero  presented  : 

I.  When  the  moment  of  the  power  is  equal  to  the  moment  cf 
the  weight ;  that  is,  when 

p  X  p  =  W  X  W. 
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n.  When  the  moment  of  the  power  is  greater  than  the  mo- 
ment of  the  weight ;  that  is,  when 
p  X  p  is  greater  than  vr  X  w. 
m.  When  the  moment  of  the  power  is  less  than  the  moment 
of  the  weight ;  that  is,  when 

p  X  p  is  less  than  w  X  to. 
In  the  first  case,  it  is  manifest  that  the  power  and  weight  will  be 
in  equilibrium,  and  that  thej  will  be  cither  at  rest  or  in  uniform  mo- 
tion. For,  since  the  moment  of  the  power  is  the  expression  of  its 
moYing  force,  and  since  this  moving  force  is  transmitted  without  in- 
erease  or  diminution  bj  the  machinery  to  the  weight,  and  since,  by 
the  supposition  we  have  made,  it  is  equal  to  the  moving  force  of  the 
weieht,  these  two  forces  must  balance  each  other,  and  therefore  be  in 
equilibrium. 

411.  Equaliiy  of  these  moments  determines  equilibrium,  —  The 
oonditbn  therefore  of  equilibrium  is,  that  the  moment  of  the  power 
ii  eqoal  to  the  moment  of  the  weight,  or 

P  X  p  =  w  X  to. 

412.  When  the  moment  of  power  exceeds  that  of  weight,  the  nuh 
tUm  is  accelerated  in  the  direction  of  the  power,  —  If  the  moment 
of  the  power  be  greater  than  the  moment  of  the  weight,  then  the 
moving  force  of  the  power,  exceeding  that  of  the  weight,  and  being 
transmitted  to  the  working  point  undiminished,  will  prevail  over  it, 
and  the  power  and  weight  must  either  have  an  accelerated  motion  in 
the  direction  of  the  power,  or  a  retarded  motion  in  the  direction  of 
the  weight 

418.  When  the  moment  of  power  is  less  than  the  moment  of  weight, 
the  motion  in  direction  of  power  is  retarded,  —  If  the  moment  of 
the  power  be  less  than  the  moment  of  the  weight,  then  the  moving 
force  of  the  power  being  transmitted  to  the  weight  and  being  less 
than  the  moving  force  of  the  latter,  the  latter  will  prevail,  and  there- 
fore the  power  and  weight  must  have  either  a  retarded  motion  in  the 
direotion  of  the  power,  or  an  accelerated  motion  in  the  direction  of 
the  weight 

414.  In  equilibrium,  the  velocity  of  the  power  is  to  that  of  the 
weight  as  the  weight  is  to  the  power,  —  If  the  moments  of  the  power 
and  weight  be  equal,  we  may  infer  that  the  power  will  bear  to  the 
weight  the  same  ratio  as  the  velocity  of  the  weight  bears  to  the  ve- 
locity of  the  power,  or 

V  :w  ::  w  : p; 
OTy  as  it  is  sometimes  expressed,  the  power  and  weight  will  be  to 
each  other  inversely  as  their  velocities. 

This  is  another  mode,  then,  of  expressing  the  conditions  unler 
which  the  power  and  weight  will  be  in  equilibrium. 
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415.  Fowtr  alvfa^s  gtxined  at  the  txpenm  of  Hm9<  -^lik^lk 
inverse  proportion  which  h  intended  to  ba  expressed,  wben  it  n  wi 
that  power  is  never  gained  save  at  the  cxpenee  of  time  i  the  nieftQiB| 
of  which  is,  that  if  a  fimall  power  work  a^nat  a  great  resistaneCf  tin 
rate  at  which  it  moves  the  renstonce  will  be  just  so  much  elom 
than  that  at  which  the  power  itaelf  moves,  as  the  resiittance  is  grexki 
than  the  power. 

416.  Jtll  paradox  thuM  ranoved  from  mechameal  theoremM^—^ 
This  condition  of  equilibrium^  when  rightly  understood,  removes  il 
paradox  from  the  statement  of  the  effects  of  machinery.  A  sinti 
power  working  through  a  large  space^  misiog  a  great  weight  throa|^ 
a  small  space,  is  merely  an  expeditjnt  by  which  a  feeble  power  ■ 
enabled  to  accomplish  ita  ta^k^  by  a  long  succession  of  efibrta^  vttk- 
out  dividing  the  weighL  To  raise  the  weight  of  a  ton  by  a  mnA 
effort  one  foot,  would  require  a  force  equivalent  to  the  weight  rf  i 
ton.  But  if,  by  the  intervention  of  a  machine,  a  power  is  enalikd 
to  accomplish  this  object  by  2240  distinct  effortSf  each  effort  worliafl 
through  one  foot,  then  snoh  power  neod  not  be  more  than  one  poao{ 
or  2240  efforts  made  through  the  space  of  one  foot^  each  effort  «i- 
erting  the  force  of  one  pound,  will  be  mcchanicaUy  equivalent  to 
2240  lbs.,  or  one  ton  raised  through  one  foot,  and  the  effect  prodnced 
will  be  the  same  as  if  the  weight  were  actually  divided  into  2240 
equal  parts,  and  the  power  applied  sncocssively  to  raise  each  of  thai 
parts  one  foot. 

417.  Utility  of  machinery  not  limited  to  make  small  powers  oon- 
come  great  resistance. — A  very  inadequate  estimate  would,  how 
ever,  be  formed  of  the  objects  and  the  utility  of  machinery,  if  wa 
were  to  suppose  them  only  directed  to  the  particular  class  of  problems 
which  involve  the  motion  of  great  weights  or  resistances  by  small 
powers.  Cases  innumerable  occur,  on  the  contrary,  where  small 
resistances  are  moved  by  great  powers.  For  example,  in  a  looomo- 
tive  engine,  while  the  piston  in  the  cylinder  moves  onoe  backwardi 
and  forwards,  the  train,  which  is  the  resistance  overoome,  is  mond 
through  a  space  equal  to  the  circumference  of  the  driTing^wbed. 
Now,  if  we  suppose  the  length  of  the  cylinder,  as  frequently  happeniy 
to  be  one  foot,  and  the  circumference  of  the  driving-wheel  to  be  fif* 
teen  feet,  then  the  velocity  of  the  piston,  or  the  power,  will  be  to  tht 
velocity  of  the  train,  or  the  resistance,  as  2  to  15 ;  and  oonaequentlji 
the  power  which  acts  upon  the  piston  must  be  greater  than  the  xe- 
tdstancc  of  the  train,  which  is  moved  in  the  proportion  of  15  to  2, 
omitting,  as  usual,  the  consideration  of  friction,  &c.  In  like  min- 
ner,  in  a  watch  or  clock,  the  resistance  of  the  object  moved  is  merelj 
that  which  is  opposed  to  the  motion  of  the  hands  on  the  dial-plate^ 
while  the  moving  power  is  the  energy  of  the  main-spring  or  of  a  de- 
scending weight.  In  both  these  cases,  it  is  obvious  that  the  pow 
is  vastly  greater  than  the  weight 
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The  object  of  mtehineKy,  therefore,  may  be  stated  generallj  as 
Mug  the  means  by  which  the  force  and  motion  of  the  power  are 
modified,  so  as  to  adapt  them  to  the  force  or  motion  which  is  re- 
quired to  be  imparted  to  the  object  moved. 

418.  Case  in  which  the  point  of  appiieation  of  the  power  and  the 
working  point  do  not  move  in  the  direction  of  the  power  and  weighL 
-^  In  all  that  precedes;  it  has  been  assumed  that  the  point  of  appli- 
cation of  the  power  moves  in  the  direction  in  which  the  power  acts, 
and  that  the  motion  imparted  to  the  working  point  is  in  a  direction 
immediately  opposed  to  the  action  of  the  weight  or  resistance.  This, 
in  fact,  is*  what  generally  takes  place  in  the  practical  construction 
and  operation  of  machinery;  for  it  is  evident  that  if  the  point  of  ap- 
plication of  the  power  were  not  free  to  move  in  the  direction  in  which 
the  power  acts,  a  part  of  the  power  would  necessarily  be  lost; 
and  that  if  the  working  point  did  not  move  in  a  direction  immedi- 
ately opposed  to  the  weight  or  resistance,  a  part  of  the  force  trans- 
mitted to  the  working  point  would  be  inefficient.  But  as,  in  certain 
eases,  these  conditions  would  not  be  fulfilled,  it  would  be  useful  to 
state  how  the  principles  which  have  been  established  in  the  present 
chapter  must  be  modified  in  such  cases. 

If  by  the  construction  of  the  machinery  the  point  of  application 
of  the  power  moves  in  a  line  diflforent  from  that  in  which  the  power 
acts,  then  the  effective  part  of  the  power  will  be  found  by  the  paral- 
lelogram of  forces. 

I^t  ▲  (^fg.  87.)  be  the  point  of  application  of  the  power,  and 


B 


fW 


Fig.  87. 


let  B  be  the  working  point     Let  a  p  represent  the  direction  of  the 

rrer,  and  B  w  the  direction  of  the  resistance  or  weight  Let  A  p 
the  direction  in  which  the  point  of  application  is  free  to  move, 
and  let  the  working  point  B  be  free  to  move  in  the  direction  opposite 
to  B  w.  Let  right-angled  parallelograms  be  formed,  having  for  their 
diagonals  A  p  and  b  w,  representing  the  power  and  resistance,  and 
having  their  sides  in  the  direction  a  p  and  b  w,  in  which  the  point 
of  application  and  the  working  point  are  respectively  free  to  move. 

The  power  will  then  be  equivalent  to  two  forces  represented  by 
a  m  and  Ap;  the  latter,  being  in  the  direction  in  which  alone  the 
point  of  application  can  move,  is  alone  effective;  that  part  of  the 
power  represented  by  A  m  will  necessarily  be  expended  in  pressure 
and  strain  upon  the  fixed  points  of  the  machine. 
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In  like  manner,  the  weight  or  itrinfiiK 
equivalent  to  two  forces  b  w  and  B  » ;  thi 

direction  against  which  alone  the  working  point  can  act,  is  that  p» 
tion  of  the  weight  or  resistance  which  the  working  pcnnt  wiU  Ml 
against :  the  remainder  of  the  weight  will  prodooe  strain  or  ptfiui 
on  the  fixed  point 

In  the  application  of  the  principles  which  detennine  tlie  lelalMi 
of  the  power  and  wci^t  in  cases  of  eqnilibriom  which  hare  htm 
established  in  the  present  chapter,  the  effiwtive  portioa  onlj  of  Ik 
power  and  weight  will  be  to  be  taken  into  aooonnt  Thus  ths  ponr 
IS  to  be  considered  as  represented  bj  Ap,  and  the  weight  by  B  «l 

These  principles  will  bo  rendered  more  dearly  intelligiUe  wki 
they  have  been  illustrated  in  their  application  to  the  mmple        *^-  - 


CHAP.  n. 

CLASSIFICATION   OF  SIMPLE  MACHIKES. 

419.  Machines  simple  and  complex.  —  Machines  which  an  eon- 
posed  of  two  or  more  parts  acting  one  upon  another,  are  called  eon- 
plex  machines. 

Machines  which  consist  only  of  one  part  are  caUed  ample  nih 
chines. 

The  several  parts  composing  a  complex  machine  are  themseliei 
simple  machines. 

In  a  complex  machine  the  effect  of  the  power  is  transmitted  so^ 
oessively  through  each  of  the  parts  composing  it  nntil  it  reaches  thi 
working  point. 

The  effect  of  complex  machines  is  determined  by  combining  kH 
gether  the  separate  effects  of  the  simple  machines  of  which  they  an 
composed. 

To  estimate  the  effects  of  machinery,  therefore,  it  will  be  i&ee» 
sary,  in  the  first  instance,  to  explain  the  principles  of  mmple  mi* 
chinery. 

420.  Classification  of  simple  machines,  —  Simple  machines  hava 
been  differently  enumerated  by  different  writers.  If  the  object  bs 
to  group  in  the  smallest  possible  number  of  distinct  rlasnoi  thoH 
machines  whose  efficacy  depends  on  the  same  principle,  the  nmpb 
machines  may  be  comprised  under  the  following  three  denonia^ 
tions :  — 

I.  A  solid  body  turning  on  an  axis. 

IL  A  flexible  cord. 

III.  A  hard  and  smooth  inclined  surfiMe. 
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NeiwithstaDding  tlie  infinite  variety  of  machinery,  and  of  the  parts 
loaapoaing  ity  it  will  be  found  that  those  parts  may  invariably  be 
KOfaght  under  one  or  other  of  the  above  claaBes. 

421.  CandiUoH  of  equilibrium  of  a  machine  having  a  fixed  axis. 
-^  In  a  machine  composed  of  a  solid  body  taming  on  an  axis,  all 
llie  parts  are  carried  round  such  axis  as  a  common  centre,  and  de- 
iQribe  circles  round  it  in  the  same  time.  It  is  evident  that  the 
magnitude  of  these  circles,  and  consequently  the  velocities  of  the 
ffirorent  parts,  will  be  proportional  to  their  respective  distances  from 
the  axis  in  which  their  common  centre  lies. 

Bat  since  it  has  been  already  shown  that  when  the  power  and 
ipislght  are  in  equilibrium  they  must  be  inversely  as  the  velocities  of 
the  points  to  which  they  are  applied,  it  follows  that  any  power  and 
weight  applied  to  such  a  machine  will  be  in  the  inverse  proportion 
of  their  distances  from  the  axis  when  they  are  in  equilibrium. 

It  must  be  understood,  in  the  application  of  this  important  prin* 
ciple,  that  the  power  and  weight  are  supposed  to  act  in  the  dhrection 
of  the  motion  of  the  parts  to  which  they  are  respectively  applied. 
If  they  do  not  act  in  this  direction,  then  they  must  be  resolved  by 
the  principle  of  the  composition  of  force  into  two  forces,  one  acting 
in  the  direction  of  the  motion  of  the  point  of  application^  and  the 
other  in  a  direction  being  a  point  upon  the  axis. 

This  has  been  already  expkined  (418.). 

422.  Condition  of  equilibrium  of  a  flexible  cord.  —  The  second 
elass  of  simple  machines  includes  all  those  in  which  a  force  is  trans- 
mitted by  means  of  flexible  threads,  ropes,  or  chains.  The  principle 
by  which  the  effects  of  these  machines  is  estimated  is,  that  the  ten- 
sion throughout  the  whole  length  of  the  same  cord,  provided  it  be 
flexible  and  free  from  the  effects  of  friction,  must  be  the  same. 

Thus,  if  a  force  acting  at  one  end  be  balanced  by  a  force  acting  at 
the  other  end,  however  the  cord  may  be  bent,  or  whatever  course  it 
may  be  compelled  to  take,  by  any  cause  which  may  affect  it  between 
its  ends,  these  forces  must  be  equal,  provided  the  cord  be  free  to 
move  over  any  obstacles  which  may  deflect  it. 

This  class  includes  all  the  various  forms  of  pulleys. 

423.  Condition  of  equilibrium  of  a  weight  upon  a  hard  inclined 
surface,  —  The  third  class  includes  all  those  cases  in  which  the 
weight  or  resistance  is  supported  or  moved  upon  a  hard  surface  in- 
clined to  the  direction  in  which  the  weight  or  resistance  itself  acts. 

The  effects  of  such  machines  may  be  estimated  by  the  principles 
already  explained. 

The  force  of  the  weight  or  resistance  being  resolved  into  two  other 
forces  by  the  principle  of  the  composition  of  force,  one  of  these  two 
forces  will  be  perpendicular  to  the  surface,  and  thus  supported  by  its 
reaction;  the  other  wiU  be  parallel  to  it,  and  will  act  against  the 
power. 
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424.  Classification  of  the  meehanie  powers.  —  The  fint  daa  of 
simple  machines  above  mentioned,  oonsisting  of  m  solid  body  wnh' 
ing  on  an  axis,  is  nsually  subdivided  into  two. 

Ist.  The  lever,  which  consists  of  a  solid  htir,  stnight  or  bent,  re* 
ing  upon  a  prop,  pivot,  or  axis. 

2d.  A  cylinder  connected  with  a  wheel  of  much  greater  diameia 
moving  round  a  centre  or  axis.  This  combination  ia  called  the  wbai 
and  axle. 

The  second  class  includes  the  pulley. 

The  third  class  includes  the  simple  machines,  oommonly  known  a 
the  inclined  plane,  the  wedge,  and  the  screw;  tiie  last  beine,  as  wii 
appear  hereafter,  nothing  more  than  an  inclined  plane  rolled  round  i 
cylinder. 

The  classes,  therefore,  of  the  simple  machineSy  as  they  aie  gene 
rally  received,  and  which  are  known  as  the  mechanical  powen^  n 
the  six  following : — 
I.  The  lever. 
jj!  i  II.  The  wheel  and  axle. 

I  i  III.  The  pulley. 

IV.  The  inclined  plane. 
V.  The  wedge. 

VI.  The  screw. 

We  shall  accordingly  explain  these  in  the  following  chapters,  u 
show  the  most  important  varieties  and  combinationa  of  which  thf 
are  susceptible. 


CHAP.  III. 

THE    LEVER. 

425.  Levers:  firsts  second^  and  third  kinds, — A  straight  and  loili 
bar  turning  on  an  axis,  is  culled  a  lever. 

The  aru)8  of  the  lever  arc  those  parts  of  the  bar  extending  c 
each  side  of  tbc  axis. 

The  axis  is  culled  the  fulcrum  or  prop. 


Fig.  88. 

Levers  are  commonly  divided  into  three  kinds,  according  to  th 
position  which  the  fulcrum  has  in  relation  to  the  power  and  wei^t 

If  the  fulcrum  be  between  the  power  and  weighty  as  inJSg,  88. 
the  lever  is  of  the  first  kind. 
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If  the  weight  be  between  the  fulcram  and  power,  as  in^^.  80., 
die  lever  ia  of  the  second  kind. 


^ 


w 

Fig.  89. 


m 
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Kig.  90. 


If  the  power  be  between  the  fulomm  and  weight,  as  in^.  90., 
the  lever  is  of  the  third  kind. 

426.  Condition  of  equilibrium. — Of  whatever  kind  the  lever  may 
be,  the  conditions  of  equilibrium  of  the  power  and  weight  will  be 
such  that  they  are  inversely  as  their  distances  from  the  fiUcmm,  this 
being  the  general  condition  of  equilibrium  for  all  machines  which 
torn  round  a  fixed  axis  (421.).  It  follows,  therefore,  that  in  Jigs. 
88.,  89.,  and  90.,  we  shall  have 

P :  w  : : FA : FB 
or,  if  p  express  the  distance  of  the  power  from  the  fulcrum,  and  w 
the  distance  of  the  weight  from  the  fulcrum,  we  shall  have 


p  :  w 


PI 


or,  what  is  the  same, 

p  X  p  =  w  X  w. 

This  statement,  as  will  be  perceived,  is  nothing  more  than  a  repe- 
tion  of  the  general  principle  affecting  machines  which  turn  on  an 
Izis,  in  virtue  of  which  forces  upon  them  are  in  equilibrium  when 
tiieir  moments  round  the  axis  are  equal.  The  moment  of  the  power 
18  P  X  p,  and  the  moment  of  the  weight  is  w  X  to.  The  tendency 
of  the  power  to  turn  the  lever  round  its  fulcrum  in  the  direction  of 
the  power  is  expressed  by  the  moment  P  X  p,  and  the  tendency  of 
the  weight  to  turn  the  lever  in  the  contrary  direction  is  expr^sed 
by  w  X  w. 

427.  Effect  of  power  or  weight  varies  as  their  leverage,  —  It  fol- 
lows, therefore,  that  the  tendency  of  the  power  to  turn  the  lever 
would  be  augmented  either  by  increasing  the  amount  of  the  power  p, 
or  by  increasing  its  distance  p  from  the  fulcrum.  In  either  case  the 
effect  will  be  increased  in  a  corresponding  proportion.  Thus,  if  we 
remove  the  power  to  double  its  distance  from  the  fulcrum,  we  shall 
double  its  effect;  and  if  we  remove  it  to  half  its  distance,  we  shall 
diminish  its  effect  one  half. 

The  distance  of  a  force,  whether  power  or  weight,  from  the  fulcrum, 
if  oalled  its  leverage ;  and  it  is  evident  from  what  has  been  stated, 
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that  the  effects  of  any  force  applinl  to  n  lever^  wiU  be 
its  leverage. 

428.  When  povjcr  or  tcefght  is  oMique  to  the  kter,  —  If  the  tanm 
applied  to  a  lever  do  not  act  perpendicular  to  it,  their  effect  will  bi 
found  by  drawing  from  the  fulcrum  a  perpendicular  on  their  dir» 

tions.  This  perpendicular  will  U 
their  leverage.  Thus  in  Jig.  91^ 
if  the  power  act  in  the  directitu 
B  P,  draw  F  N  perpendicular  to  tba 
direction  p  B  N ;  the  power  will 
have  the  eame  effect  in  turning  ihi 
lever,  as  if  it  acted  at  n  upon  tL* 
J"  lever  N  r.  The  moment  of  the 
Fig.  91,  power,  therefore,  in  thia  cue,  nil 

he  found  bj  mnltiplying  it  bj  r  K, 
the  perpendicular  distance  of  its  direction  from  the  fulcrum. 

In  general,  therefore,  the  levertic^  of  any  force  applied  to  md^  i 
machine  is  estimated  by  the  perpendicular  distance  of  the  directioQ  dt 
such  force  from  the  fulcrum* 

429.  Relation  of  powfer  and  weight  in  levers  ofjirst^  sectjmd^  dW 
third  kinds.  —  In  a  lever  of  the  first  kind,  the  power  and  weight  mi^ 
be  equal,  and  will  be  so  when  their  leverages  are  equal 

The  weight  may  be  less  than  the  power,  and  it  will  be  90  when  it 
is  at  a  greater  distance  from  the  fulcrum  than  the  power. 

The  power  may  be  hs^  than  tlie  weigh t,  and  it  will  be  bo  whca  it 
is  at  a  greater  distance  from  the  fulcrum  than  the  weighty 

In  a  lever  of  the  second  kind,  the  weight,  being  between  the  fU- 
cmm  and  the  power,  must  be  at  a  less  distance  from  the  fulemm  Aaa 
the  power,  and  must  consequently  bo  always  greater  than  ttl 
power.  • 

In  a  lever  of  the  third  kind,  the  power  being  between  the  fols^ 
and  the  weight,  will  be  at  a  less  distance  from  the  fulcrum  thin  tbi 
weight,  and  consequently  in  this  case  the  power  must  alwi^  k 
greater  than  the  weight. 

480.  Examples  of  levers  of  first  kind.  —  Bakmce.  — NumenNl 
examples  of  levers  of  the  first  kind  may  be  given.  A  balance  is  • 
lever  of  this  kind  with  equal  arms,  in  which  the  power  and  we^t 
are  necessarily  equal.  The  dishes  are  suspended  by  chains  or  eoidi 
from  points  precisely  at  equal  distances  from  the  fulcmm,  and  boBg 
themselves  adjusted  so  as  to  have  precisely  equal  weights,  the  balaDee 
will  rest  in  equilibrium  when  the  dishes  are  empty.  To  miilrtri' 
this  equilibrium,  it  is  evident  that  equal  weights  must  be  pat  into  tki 
two  dishes;  the  slightest  inequality  would  give  a  preponderaiiot  li 
one  or  tbe  other  dish. 

48 1.  Steelyard,  —  A  steelyard  is  a  lever  with  unequal  anna;  Iki 
power,  being  represented  by  a  sliding  weight,  is  adjnsted  ao  Aii  fe 
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_  !  ma  J  be  ebsnged  at  pleamire.    These  and  similar  instromentfli 
Be  ued  for  the  porpoae  of  weighing  in  oommeroe. 

4S2.  Crowbar y  pokers  scissors,  S^e.  —  A  crowbar  is  a  lever  of  the 
fait  kind.  In  this  instrument^  when  nsed,  for  example,  to  raise  a 
Vodk  of  stone^  the  folcrom,^^.  92.,  is  another  stone  F  placed  near 


Fig.  92. 

liftwluch  is  to  be  nised;  and  the  power  of  the  hand  H  is  placed  al 
it  other  end  of  the  bar. 

A  poker  applied  to  raise  fnel  is  a  lever  of  the  first  kind,  the  fill* 
9m  being  the  bar  of  the  grate. 

Sdflsors,  shears,  nippers,  pincers,  and  other  similar  instruments  are 
CBtaposed  of  two  levers  of  the  first  kind,  the  fulcrum  being  the  joint 
»  pivot,  and  the  weight  the  resistance  of  the  substance  to  be  cut  or 
laed,  the  power  being  the  fingers  applied  at  the  other  end  of  the  levers. 
The  brake  of  a  pump  is  a  lever  of  the  first  kind,  the  pump-rods 
md  piston  being  the  weight  to  be  raised. 

433.  fzamjSei  of  levers  of  second  kind.  —  Oar,  rudder,  ehop' 
pmg^ife,  door,  wheelbarrow,  ^c.  —  Examples  of  levers  of  the 
ifeeuid  tind,  though  not  so  frequent,  are  not  uncommon. 

An  oar  is  a  lever  of  the  second  kind.  The  reaction  of  the  water 
Upriimt  the  blade  is  the  fulcrum.  The  boat  is  the  weight,  and  the 
find  of  the  boatman  the  power. 

The  rodder  of  a  ship  or  boat  is  an  example  of  this  kind  of  lever, 

iod  explained  in  a  similar  way. 

The  chopping4Enife,^.  98.,  is  a  lever  of  the  second  kind.     The 

end  F  attached  to  the  bench  is  the  fulcrum,  and 

the  weight  the  resistance  of  the  substance  a  to 

be  cut. 

A  door  moved  upon  its  hinges  is  another 

example. 

p-     ^  Nutoaokers  are  two  levers  of  the  second 

kind,  the  hinge  which  unites  them  being  the 
fnlcmm,  the  rerislance  of  the  shell  placed  between  them  being  the 
weight,  and  the  hand  applied  to  the  extremity  being  the  power. 

A  wheelbarrow  is  a  lever  of  the  second  kind,  the  fulcrum  being 
the  point  at  which  the  wheel  presses  on  the  ground,  and  the  weight 
bdn^  that  of  the  barrow  and  its  load  collected  at  their  oentre  of 
gimvity. 
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The  same  observation  may  be  applied  to  all  two-wheeled  cann| 
which  arc  partly  sustained  by  the  animal  which  draws  them. 

434.  Examples  of  levers  of  third  kind,  —  Umbs  of  amrnB 
J                  treadle  of  the  lathe^  tongs^  Sfc.  —  Levers  of  the  third  kind,  actii 

aa  has  been  explained,  to  mechanical  disadvantage,  the  power  bei 
always  grcator  tiian  the  weight,  are  of  less  frequent  use.  They  are  ado 
ed  only  where  rapidity  and  dispatch  are  required  more  than  power. 

The  most  striking  examples  of  levers  of  the  third  kind  are  foa 
in  the  animal  economy.  The  limbs  of  animals  are  generally  ler^ 
of  this  description.  The  socket  of  the  bone  is  the  fulcromy  a  stro 
muscle  attached  to  the  bone  near  the  socket  is  the  power,  and  I 
weight  of  the  limb,  together  with  whatever  resistance  is  oppoeed 
its  motion,  is  tiie  weight.  A  slight  contraction  of  the  muscle  in  t] 
case  gives  a  considerable  motion  to  the  limb :  this  effect  is  partii 
larly  conspicuous  in  the  motion  of  the  arms  and  legs  in  the  huB 
body;  a  very  inconsiderable  contraction  of  the  muaclea  at  the  sko 
dcrs  and  hips  gives  the  sweep  to  the  limbs,  from  which  the  ba 
derives  so  much  activity. 

The  treadle  of  the  turning-lathe  is  a  lever  of  the  third  kind.  1 
hinge  which  attaches  it  to  the  floor  is  the  fulcrum,  the  foot  applied 
it  near  the  hinge  is  the  power,  and  the  crank  upon  the  axis  of  I 
fly-wheel,  with  which  its  extremity  is  connected,  is  the  weight. 

Tongs  are  levers  of  this  kind,  as  also  the  shears  used  in  shesri 
sheep.  In  those  cases  the  power  is  'the  hand,  placed  immcdiat 
ji  below  the  fulcrum  or  point  where  the  two  levers  are  connected. 

435.  How  to  determine  the  pressure  on  the  fulcrum  of  a  Itter. 
i-ll  The  pressure  on  the  fulcrum  of  a  lever,  when  the  power  and  weu 
;  j!  aro>in  ecjuilibrium,  is  determined  by  the  principle  of  the  compoati 
\  j  of  forces.  In  a  lever  of  the  first  kind,  the  resultant  of  the  poi 
^iij                  and  weight  is  a  single  force  passing  through  the  fulcrum,  equal 

j]!  :  their  sum ;  consequently,  the  pressure  on  such  point  will  be  eqosl 

the  sum  of  the  pow(T  and  weight. 

In  a  lever  of  the  second  and  third  kind,  the  power  and  weight  a 

ing  in  contrary  directions,  will  have  a  resultant  equal  to  their  difi 

ence  pass^ing  through  the  fulcrum.     This  les 

fi    X  tan t  will  therefore  express  the  pressure  on  1 

n  fulcrum. 

436.  Rectangular  lever.  —  In  the  rectangu 
lever,  the  arms  are  perpendicular  to  each  oth 
and  the  fulcrum  T^fig,  94.,  is  at  the  right  ang 
The  moment  of  the  power  in  this  case  is  P  m 
tiplied  by  a  f,  and  that  of  the  weight  w  mnl 
_  plied  b/  B  F.  When  the  iDstrument  is  in  equ 
Fiff  94  brium,  these  moments  must  be  equal. 

When  the  hammer  is  used  fur  drawing  a  u 
it  is  a  lever  of  this  kind ;  the  claw  of  the  hammer  is  the  diorter  m 
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.-.ired  to  transmit  an 
'^  :cCy  as  for  example,  in 

,  russed  upon  the  tjpe  by 
is  driven  upon  it  by  a 
■verc  force.    The  handle 
r  being  pressed  in  the  di- 
iie  arrow,  exerts  a  corrcs- 
ssure  on  the  point  c,  which 
II  the  direction  c  D,  perpcn- 
I  A  B.     This  motion  c  D  is 
1 11  to  two  by  the  parallelogram 
,  one  in  the  direction  c  £,  and 
.  r  in  the  direction  cf;  the 
<.'xerts  pressure  on   the  fixed 
A,  and  the  other  acts  upon  the 
Ji,  by  means  of  the  joint  o  foro- 
.  I  downwards.     As  the  joint  c  ad- 
i>:e3,  the  angle  acq  becomes  more 
•1  more  obtuse,  and  the  component 
K  of  the  force  acting  at  b  bears  a 
:upidlj  increasing  proportion  to  the 
.  tbrce  itself,  so  that  when  the  levers 
j  A  c  and  0  O  come  nearly  into  a  right 
line,  the  pressure  exei*ted  at  b  is  aug- 
mented at  a  in  an  almost  infinite  pro- 
portion. 

440.  Beautiful  example  of  com- 
plex leverage  in  the  mechanism  which 
connects  the  key  and  hammer  in 
Erard't  piano-forte.  —  In  this  in- 
Btmment,  the  object  is  to  convey  from 
the  p<nnt  where  the  finger  acts  upon 
the  key,  to  that  ai  which  the  hammer 
acts  upon  the  string,  all  the  delicacy 
of  action  of  the  finger,  so  that  the  piano 
may  participate,  to  a  certain  extent,  in 
that  sensibility  of  touch  which  is  ob- 
servable in  the  harp,  and  which  is  the 
consequence  of  the  finger  acting  im« 
mcdiatoly  on  the  string  in  that  instru- 
ment, without  the  intervention  of  any 
other  mechanism. 

The  combination  of  levers,  by  which 
the  action  of  the  finger  is  transmitted 
to  tibe  string,  in  Enrd's  pianoforte^ 
is  represented  in  Ar.  90. 
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The  kej  is  represented  at  bac,  the  ceotre  or  pivot  on  whie^  it 
plays  being  a,  and  the  Ivory  tahU  upon  which  the  finger  jxcis  beiQ| 
at  o.     The  point  to  whluL  ild  motion  is  oommanicated  ia«  ai  c. 

This  motion  is  transmitted  by  a  double-jointed  piece  <i  to  an  int» 
mediate  lever  ef,  the  pivot  of  which  is  at  e.  At  the  jcunty  is  a  rod 
g  called  the  slicker^  which  carries  up  the  hammer  to  the  string 
The  hammer  is  supported  by  the  head  of  the  sticker  g^  uiA  at  thi 
same  time  rests  upon  the  oblique  lever  t,  which  latter  ia  acted  i^ 
by  the  spring  A. 

When  tho  key  is  pressed  down  by  the  finger  at  ft,  the  pieee  i  ii 
raised,  and  by  it  the  lever /and  the  sticker  g.  Thia  lever  xaiaei  the 
lever  t,  and  acts  upon  the  rod  of  the  hammer  at  a  point  near  the 
joint,  making  the  hammer  rise  along  the  dotted  curve  bo  as  to  stariki 
the  string. 

The  proportions  of  this  combination  of  levers  are  sach,  that,  after 
the  blow  of  the  hammer  on  the  string,  the  check  h  comes  forward 
and  receives  the  hammer  in  its  &11,  at  about  one  third  of  its  oriflul 
distance  from  the  string ;  so  that  while  the  finger  continues  to  keep 
down  the  key,  the  hammer  remains  at  a  distance  from  the  string 
equal  to  one  third  of  its  distance  when  the  key  is  not  depressed. 

In  the  meantime,  the  spring  h  has  given  way  under  the  weight  of 
the  hammer,  and  under  these  circumstances,  the  key  h  being  ulowed 
to  rise  by  the  finger  through  one-third  of  its  play,  and  then  aoia 
being  depressed,  another  stroke  of  the  hammer  on  the  stiinff  wiU  bs 
produced )  for  in  this  case  the  hammer  will  be  brought  bacc  to  the 
level  of  the  head  of  the  sticker  gy  by  which  means  it  will  be  drifcn 
upwards  upon  the  depression  of  the  key. 

In  the  combination  of  levers  used  in  other  pianofortes,  the  v/M 
cannot  be  repeated  without  allowing  the  key  to  rise  to  the  position  it 
has  before  it  is  depressed;  consequently  in  this  case,. a  repetition  of 
the  note  is  produced  with  one-third  of  the  motion  of  the  finger  wluch 
is  necessary  in  other  pianofortes. 

It  must  be  understood  that  this  mechanism  affects  only  the  UmA 
of  these  instruments.  The  quality  of  tone  for  which  they  have  beea 
BO  long  remarkable  depends  on  other  and  different  mechanical  axiapp* 
ments. 

441.  Pouter  of  a  machine^  hoto  expressed, — That  number  which 
expresses  the  proportion  of  the  weight  to  the  equilibrating  power  is 
any  machine,  we  shall  call  the  power  of  tlu  machine.  Thus  if,  in  a 
lever,  a  power  of  one  pound  support  a  weight  of  ten  poonds,  thi 
power  of  the  machine  is  ten.  If  a  power  of  2  lbs.  support  a  weidit 
of  11  lbs.,  die  power  of  the  machine  is  5^,  2  being  contained  in  11 
5|  times. 

442.  Equivakni  lever, — ^As  the  distances  of  the  power  and  we^ 
from  the  fulcrum  of  a  lever  may  be  varied  at  pleasure,  and  any  » 
in^ed  proportion  pven  to  them,  a  lever  may  always  be  oonesifii 
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lukTing  a  pover  equal  to  that  of  any  given  maohine.  Such  a 
leyer  may  be  oalled,  in  relation  to  ihtX  machine,  the  equivaleiU 
lever. 

448.  Complex  machine  may  be  represented  by  an  equivalent  cam- 
pound  lever. — Ab  every  complex  machine  consista  of  a  nomber  of 
simple  machines  acting  one  upon  another,  and  as  each  simple  mv 
chine  may  be  represented  by  an  equivalent  lever,  the  complex  ma> 
chine  will  be  remesented  by  a  compound  system  of  equivalent  leyers. 
From  what  has  been  proved,  it  therefore  follows,  that  the  power  of  a 
complex  machine  may  be  calculated  by  multiplying  together  the 
powers  of  the  several  simple  machines  of  which  it  is  composed. 


«MMMMAM^A^lM^l^^>M 
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CHAP.  IV. 


WHXEIr-WORK. 

444.  The  tokeel  and  axle.  —  The  form  of  simple  maohine  de- 
nominated the  wheel  and  axle,  oonsiats  of  a  cylinder  which  rests  in 
pivots  at  its  extremities,  or  is  supported  in  gudgeons,  and  is  capable 
of  revolving  between  Uiose  pivots,  or  in  those  gudgeons.  Attached 
to  this  cylinder,  and  supported  on  the  same  pivots  or  gudgeons,  a 
wheel  is  fixed,  so  that  the  two  revolve  together  with  a  common 
motion.  The  weight  is  supported  by  a  rope  or  chain,  which  winds 
round  the  axle,  and  the  power  by  another  rope  or  chain  which  winds 
round  the  wheel. 

Such  an  arrangement  is  represented  in  ^^. 

'  100,  where  w  is  the  weight,  a  and  b  the  pivots 

or  gudgeons,  c  the  wheel,  and  P  the  power. 

445.   Condition  of  equilibrium,  —  The  con- 

B  dition  of  equilibrium  is,  according  to  what  has 

been  already  proved,  the  inverse  proportion  of 

the  power  and  weight  to  the  diameters  of  the 

wheel  and  axle ;  that  is  to  say,  the  power  is  to 

the  weight  as  the  diameter  of  the  axle  is  to  the 

diameter  of  the  wdeel. 

The  weight  is  generally  applied,  as  represented 
in  the  figure,  by  means  of  a  rope  coiled  upon  the  axle. 

446.  rarioue  waye  of  applying  power.—  The  manner  of  applying 
the  power  is  very  various.  Sometimes  the  circumference  of  the 
wheel  is  furnished  with  projecting  points,  as  represented  in  Jig.  100, 
to  which  the  hand  is  applied  when  human  force  is  the  power. 

Examples  of  this  are  numerous :  a  familiar  one  is  presented  in  the 
■^ eerage-wheel  of  a  ship. 


Fig.  100. 
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447.  Windlass. — In  tbe  coidthoq  winJluss,  the  power  is  ipplieJ 
by  means  of  a  winch  D  c,  oa  reprcscatcd  m  Jig.  lOL  The  arm  &a 
of  the  winch  repreecnta  tlie  radius  of  the  whecl^  and  the  pow«r  Ji 
applied  to  D  G  at  right  angles  to  B  G. 

In  Bomo  cascB  no  wheel  is  attached  to  the  axle,  but  it  ia  piemd 


IJTbA 


Fig.  101. 


Fig.  102. 


with  holes,  directed  towards  its  centre,  in  which  long  lexers  are  in* 
cessantly  inserted,  and  a  continuous  action  produced  by  several  men 
working  at  the  same  time,  so  that  whibt  some  are  tranaferrinff  the 
levers  from  hole  to  hole,  others  are  working  the  windlass,^.  10!2. 

448.  The  capstan. — The  axle  is  sometimes  placed  in  a  Teriicd 
position,  the  wheel  or  levers  being  moved  horizontally. 

The  capstan  is  an  example  of  this.  A  vertical  axis  is  fixed  in  the 
deck  of  the  ship,  the  circumference  being  pierced  with  holes  pra* 
sented  towards  its  centre. 

These  holes  receive  long  levers,  as  represented  in  Jig.  102.  Thib 
men  who  work  the  capstan  walk  continually  round  the  axle,  preamig 
forward  the  levers  near  their  extremities. 


Fig.  103. 


Fig.  104. 


449.  The  tread-mill,  Sfc.  —  In  some  cases  the  wheel  is  tamed  bj 
the  weight  of  animals  placed  at  its  circumference,  who  move  fbrwaid 
as  fast  as  the  wheel  descends,  so  as  to  maintain  their  position  eon- 
tinuallv  at  the  extremity  of  the  horizontal  diameter.  The  tread* 
mill,^.  103.,  and  certain  cranes,  such  asj^.  104.,  are  ejumphi  of 


Fig.  105. 
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450.  Waier^iBhetUy  ovemkatj  underthoi,  and 
breoMtHwheeU. — In  water-wheela  the  power  is  the 
weight  of  water  oontained  iu  buckets  at  the  circum- 
ference, as  in^.  105.,  which  is  called  an  oTenhot 
wheel;  and  sometimes  the  impulse  of  water  against 
float-boards  at  the  circumference,  as  on  the  under- 
shot wheel,^.  106.  Both  these  principles  act  in 
the  breast-wheel,  jSj^.  107. 


^ 

^^^a 

^ 

^ 

'"^,  1  il-' 

Fig.  106. 


Fig.  107. 


It  of^n  happens,  in  the  practical  application  of  the  wheel  and  axle, 
that  the  power  acts  not  eoatinuallj  like  a  descending  weight,  but  with 
fatermitting  eflforts.  In  such  case,  the  machinery  would  be  liable  to 
leact  daring  the  suspension  of  the  power.  An  expedient  called  a 
ntchet-wheel  is  used  to  prevent  this.  Such  a  wheel  is  represented 
(U  B  in  Jig.  100.  It  is  a  wheel  furnished  with  teeth,  placed  in  a 
direction  contrary  to  that  in  which  it  moves.  A  click  or  bent  bar 
Uls  between  these  teeth,  and  the  combined  eflfcct  of  this  click  and 
the  teeth  is  such,  that  the  wheel  is  at  liberty  to  move  in  one  direc- 
ikm,  the  click  falling  successively  between  the  teeth,  but  its  motion 
m  the  other  direction  is  checked  by  the  pressure  of  the  click  against 
the  teeth. 

From  what  has  been  already  explained,  it  is  evident  that  the  effect 
of  the  power  upon  the  weight  would  be  augmented  by  diminishing 
the  thickness  of  the  axle,  and  diminished  by  increasing  that  thick- 


451.  Case  tn  which  the  power  or  resistance  is  variable.  —  It  some- 
times happens  that  an  invariable  power  has  to  act  against  a  variable 
resistance,  or  a  variable  power  against  a  constant  resistance.  In  such 
a  case,  the  effect  of  the  wheel  and  axle  as  just  described  would  vary : 
an  augmentation  of  the  power  or  diminution  of  the  resistance  would 
throw  the  power  and  weight  out  of  equilibrium. 

If,  however,  the  axle  were  made  to  increase  in  thickness  in  the 
same  proportion  as  the  ratio  of  the  power  to  the  weight  is  augmented. 
then  tne  change  of  such  ratio  would  be  compensated  by  a  correspond- 
ing change  in  the  leverage,  and  an  equilibrium  would  be  maintained 
between  the  power  and  weight  notwithatanding  their  variation.    Nu- 
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mcrous  instances  cf  this  ure  presented  in  tbe  artej  Boin€  of  irlnd 
will  Ikj  noticed  liercafter. 

45'2.  Method  of  augrrunling  tkc  ratio  of  the  power  w*lhmt  ctoh 
plicating  the  machine.  —  AVhen  ft  weigbt  or  Tcsiataooe  of  companr 
lively  groat  amount  is  to  bo  miwd  by  9.  very  Bmall  power  by  memi 
of  the  simple  wheel  and  axle,  cither  of  two  inooovenieDceB  wim\A 
ensue ;  either  the  diameter  of  tho  axia  would  beoome  too  small  to 
support  the  weight,  or  the  diameter  of  tbe  wheel  would  beoonw  M 
great  as  to  bo  uowteWy  iu  its  operation.  This  has  becD  remedied, 
without  having  recourse  to  a  complex  maebine,  by  a  simple  expedient 
represented  in  Jig.  103.  The  axle  of  the  windJass  here  consists  of 
two  parts,  one  thicker  than  the  other,  and  the  rope  by  which  tb« 
weigbt  is  raised  rolls  on  the  thicker  wbik  it 

rolls  off  the  thinner.     In  each  revolution,  there- 

\HBBlllJr~^iP^  ^^^^f  ^^  P^'*'  which  19  rolled  on  exceeds  thit 
^    f  I  which  is  rolled  off  by  the  difference  between  the 

circumferences  of  the  two  parts  of  tbe  axle. 
That  is,  the   part  of  the  rope,  by  which  the 
1  weight  is  suspended,  is  shortened  in  each  revo- 
lution   by   this    difference.    But    the    height 
Fig.  108.  through  which  the  weight  is  raised,  is  only  half 

the  shortening  of  the  rope.  The  effect^  accord- 
ingly, is  the  same  as  if  an  axle  had  been  used,  wbose  diameter  u 
equal  to  half  the  difference  between  the  diameters  of  the  thicker  and 
thinner  part.  Ilcncc,  the  power  is  to  the  weight  as  half  the  differ- 
ence between  the  diameters  of  the  axle  is  to  the  diameter  ojths 
wheel.  Since,  then,  without  diminishing  the  thickness  of  the  axk, 
we  may  diminish  without  limit  the  difference  between  the  thicker  and 
thinner  parts,  the  ratio  of  the  weight  to  the  power  may  be  augmented 
indefinitely  without  diminishing  the  strength  of  the  axle.  The 
apparatus  just  described  is  called  the  differential  wheel  and  axle. 

453.  Compound  wheels  and  axles  analogous  to  eompomd 
lever,  —  When  great  power  is  required,  wheels  and  axles  may  be 
combined  in  a  manner  analogous  to  the  compound  lever  already  ex- 
plained. The  power  being  supposed  to  act  on  the  circumference  of 
the  first  wheel,  its  effect  is  transmitted  to  the  circumference  of  tbe 
first  axle ;  this  circumference  acts  on  the  circumference  of  the  seeond 
wheel,  and  transmits  motion  thereby  to  the  circumference  of  the 
second  axle,  which,  in  its  turn,  acts  on  the  circumference  of  the 
second  wheel,  transmitting  motion  to  the  circumference  of  the  tlurd 
axle,  and  so  on. 

There  is  nothing  different  in  the  mechanical  effect  of  such  a  eon* 
bination  from  that  of  a  system  of  compound  levers,  except  that  it 
admits  more  conveniently  of  a  continuous  action,  and  prodacee  con- 
tinued and  regular  motion.    Tbe  relation  between  the  power  and  tht 
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wvght  or  reristenoe,  when  in  eqnilibriuni;  is  detennined  in  exactly 
the  flune  manner  as  in  the  case  of  the  componnd  lever. 

If  the  diameters  of  all  the  wheels  be  multiplied  together,  and  the 
diameters  of  all  the  axles  be  also  multiplied  together,  then  the  power 
will  be  to  the  weight  as  the  product  of  the  diameters  of  all  the  axles 
to  the  product  of  the  diameters  of  all  the  wheels.  Thus,  if  the  di- 
ameters of  all  the  axles  be  expressed  by  the  numbers  2,  3,  4,  and 
the  diameters  of  all  the  wheels  be  expressed  by  the  numbers  20,  25, 
and  30,  then  the  ratio  of  the  power  to  the  weight  will  be  as  2  x  3 
X  4  =  24  to  20  X  25  X  30  =  15,000:  that  is,  as  1  to  625. 

454.  Various  methods  of  communicating  force  between  wheels  and 
axles,  —  The  manner  in  which  the  wheels  and  axles  act  one  upon 
another  is  very  various.  Sometimes  a  strap  or  cord  is  placed  in  a 
groove  in  the  circumference  of  the  axle,  and  carried  round  a  similar 
groove  in  the  circumference  of  the  wheel.  This,  which  is  called  an 
endlesB  band,  is  represented  in  Jigs.  109.  and  110. 


Fig.  109. 


Fig.  110. 


455.  By  endless  bands  or  cords,  —  In  the  case  represented  in 
fg.  109.  the  wheels  are  driven  in  the  same  direction ;  in  that  repre- 
sented in  ^fig.,110^  they  are  driven  in  opposite  directions.  Examples 
of  this  method  of  transmittiug  the  motion  from  wheel  to  wheel  are 
presented  in  every  department  of  the  arts  and  manufactures.  In  the 
toming-lathe  and  the  grinding-wheel  a  cat-gut  cord  carried  round  the 
treadle-wheel  imparts  motion  to  the  maundrell  or  the  grindstone.  In 
the  ffTcat  factories  shafts  are  carried  along  the  ceilings  of  the  rooms, 
nmnd  which,  at  certain  points,  endless  straps  are  carried  which  are 
oondacted  round  the  wheels,  thus  giving  motion  to  the  lathes  or  other 
machines.  One  of  the  chief  advantages  of  this  method  of  trans- 
mitting motion  by  wheels  and  axles  is,  that  the  bands  by  which  the 
motioo  is  conveyed  may  be  placed  at  any  distance  from  each  other, 
and  even  in  any  position  with  respect  to  each  other,  and  may,  by  a 
slight  adjustment,  receive  motion  in  either  one  direction  or  the  other. 

456.  JBjf  rough  surfaces  in  contact.  —  When  the  circumference 
of  the  axle  acts  immediately  on  that  of  the  wheel,  which  it  moves 
without  the  intervention  of  a  strap  or  cord,  means  must  be  adopted 
to  prevent  them  from  moving  in  contact,  without  transmitting  motion, 
which  they  would  do  if  both  surfaces  were  perfectly  smooth  and  free 
firom  friction. 
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This  18  accomplished  by  difTcrent  expedients.  In  oaaes  wlieregnil' 
power  b  not  required,  motion  is  communicated  thrmigli  a  aerus  of 
wheels  and  axles  by  rendering  their  sur&cea  rofogh,  either  by  hang 
them  with  rough  leath*er,  or  making  them  of  imid  cat  acn«  tks 
grain.  This  method  is  used  in  spinning  macfaineiy,  where  a  km 
Duffed  wheel,  placed  in  a  horiiontal  position,  is  sarrounded  by  a  senei 
of  small  buffcKl  rollers  pressed  dose  acainst  it,  each  roller  oommniii- 
cating  motion  to  a  spindle.  As  the  wneel  revolveSi  rerolTition  is  im- 
parted to  the  rollers,  the  velocity  of  which  exceeds  that  of  the  wheel 
m  the  same  proportion  as  the  diameter  of  the  wheel  exceeds  that  of 
the  roller. 

This  method  is  very  convenient  in  cases  where  the  motion  of  the 
rollers  requires  to  be  occasionally  suspended,  each  roller  being  pro- 
vided with  a  means  by  which  it  can  be  thrown  oat  of  contact  witk 
the  wheel,  and  thus  stopped. 

457.  By  teeth.  — The  most  frequent  method  of  tnnsmittingmofiQB 
through  a  train  of  wheel-work  is  oy  the  construction  of  teeth  apoD 
their  circumference,  so  that  the  teeth  of  each  foiling  into  those  of  the 
other,  the  one  wheel  necessarily  pushes  forward  the  other. 

When  teeth  are  used,  the  axles  are  usually  called  pinions,  and  the 
teeth  raised  upon  them  are  called  leaves. 

458.  Formation  of  teeth,  —  In  the  formation  of  the  teeth  of  whedi 
and  pinions,  expedients  arc  adopted  to  prevent  them  from  rubbing 
one  upon  another,  when  they  move  in  contact  with  each  other.  A 
particular  form  is  adopted  for  the  teeth,  in  virtue  of  which  the  sur- 
faces are  applied  one  to  the  other  with  a  rolling  motion  like  that  of  i 
large  wheel  upon  the  road.  By  this  expedient  the  rapid  wear  of  the 
teeth,  which  would  be  produced  by  constant  friction  accompanied  bj 
pressure,  is  prevented. 

459.  Methods  of  computing  the  condition  of  equilibrium  in  wheeU 
work,  —  In  computing  the  mechanical  effects  of  toothed  wheels  and 
pinions,  the  number  of  teeth  may  be  substituted  for  their  circam- 
ferences  and  diameters. 

The  condition  of  equilibrium  will  therefore  be  obtained  hy  molti- 
plying  together  the  number  of  teeth  in  all  the  wheels,  and  the  nom- 
ber  of  teeth  in  all  the  pinions,  tho  power  being  to  the  weight,  when 
in  equilibrium,  as  the  latter  product  to  the  former. 

460.  Spur,  crotcn,  and  bevelled  wheels.  —  Toothed  wheels  are  of 
three  kinds,  distinguished  by  the  position  which  the  teeth  bear  with 
respect  to  the  axis  of  the  wheel.  When  they  are  raised  upon  the 
edge  of  tho  wheel,  as  in^.  111.,  they  are  called  spur-wheels,  or 
spur-gear.  When  they  are  raised  parallel  to  the  axis,  as  inJSff.  112.| 
they  are  called  crown  wheels.  When  the  teeth  are  raised  on  a  snr- 
face  inclined  to  the  plane  of  the  wheel,  as  in^.  118.,  they  are  called 
bevelled  wheels. 

If  a  motion  round  one  axis  is  to  be  communicated  to  iDoUiAr  asb 
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Fiff.  111. 


Fig.  112. 


Fig.  113. 


ptnUel  to  ity  spnr-gear  is  gencrallr  used :  ihvm,  in  Jig,  111.,  the  three 
izea  are  panllel  to  each  ouier.  IE  a  motion  round  one  axis  is  to  be 
eommnnicated  to  another  at  right  angles  to  it,  a  crown-wheel  working 
in  a  apnr  pinion,  as  in  jtr.  112.,  will  serve :  or  the  same  object  may 
he  attained  bj  two  beveUed  wheels,  as  in^.  113. 

If  a  motion  round  one  axis  is  reauirod  to  be  communicated  to  an- 
other inclined  to  it  at  any  proposea  angle,  two  bevelled  wheels  can 
always  be  used.  In^.  113.,  let  a  B  and  A  o  be  the  two  axles ;  two 
berdUed  wheels,  such  as  D  x  and  s  r,  on  these  axles  will  transmit 
the  motion  or  rotation  from  one  to  the  other,  and  the  relative  velocity 
may,  as  nsoal,  be  regulated  by  the  proportionate  magnitude  of  the 
wheels. 


CHAP.  V. 


PULLETS. 

461.  Ropes  noi  perfectly  flexible,  nor  perfectly  stnooih,  —  Al* 
though  the  term  pulley  implies  the  combination  of  a  rope  and  a  wheel 
on  mich  it  runs,  the  practical  effects  of  the  simple  machine  so  de- 
nominated depend  altogether  on  the  rope;  the  wheel  being  intro- 
duced for  the  mere  purpose  of  diminishing  the  effects  of  friction  and 
imperfect  flexibility,  the  consideration  of  both  of  which  are  omitted 
in  theory.  If  a  rope  were  perfectly  flexible,  and  were  capable  of 
being  bent  over  a  sharp  edge,  and  of  moving  upon  it  without  friction, 
we  shoold  be  enabled  by  its  means  to  make  a  force  in  any  one  direc- 
tion overoome  a  reustance  or  communicate  a  motion  in  any  other 
direction. 

Thus,  if  a  perfectly  flexible  rope,  p  s,^.  114.,  pass  over  a  sharp 
edge  P,  and  he  connected  with  a  weight  a  vertically,  a  force  acting 
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Fig.  114. 


obliquely  in  the  direction  p  F  will  raise  the  weislit 
verticully  in  the  direction  R  Q ;  bat  as  no  matenili 
of  which  ropes  can  be  made  can  render  them  pe^ 
fectly  flexible,  and  as  in  proportion  to  the  streagth 
by  which  they  are  enabled  to  transmit  force  thdr 
rigidity  increases,  it  is  necessary  in  practice  to  adopt 
means  to  remedy  or  mitigate  those  effects  wbich 
attend  the  absence  of  perfect  flexibility,  and  which 
would  otherwise  render  cords  practiodlj  inappli- 
cable as  machines. 
But,  besides  the  want  of  perfect  flexibility,  the  snrfiioe  of  the  rope 
is  always  rough,  and  often  considerably  so.     This  surface,  in  passing 
over  an  edge,  would  produce  a  degree  of  friction  which  woald  alto- 
gether stop  its  movement. 

If  a  rope  were  used  in  the  manner  represented  in  the  fignre,  to 
transmit  a  force  in  one  direction  to  a  resistance  in  another,  some  force 
would  be  necessary  to  bend  it  over  the  an^le  P,  which  the  two  direc- 
tions form  one  with  the  other ;  and,  if  wo  angle  were  sharp,  the 
eflfect  of  such  a  force  might  be  the  rupture  of  the  rope. 

462.  Hence  the  necessity  of  the  sheave  in  the  pulley,  —  6uti( 
instead  of  bending  the  rope  at  one  point  over  a  single  acute  angle, 
the  change  of  direction  were  produced  by  successively  deflecting  it 
over  severul  angles,  each  of  which  would  be  less  sharp,  the  force  ne- 
cescvnry  for  the  deflection  and  the  liability  of  breaking  the  cord  would 
be  diininislied.  But  such  object  will  be  still  more  effectually  attained 
if  tiie  cord  be  deflected  over  the  surface  of  a  curve. 

If  the  rope  were  applied  merely  to  sustain  a  weight  without  mor- 
!ng  it,  a  curved  surface  would  therefore  be  sufiicient  to  remove  the 
inc«>nvenience  arising  from  imperfect  flexibility;  but  when  motion  is 
required,  the  n)pe  in  passing  over  such  a  surface  would  be  subject  to 
great  frieticm  and  rapid  wear.  This  inconvenience  is  removed  by 
causing  the  surface  on  which  the  rope  runs  to  move  with  it,  so  thi^ 
no  more  friction  is  produced  than  would  arise  from  the  curved  sur- 
face itself  rolling  upon  the  rope.  These  objects  are  attained  bj  the 
common  pulley,  which  consists  of  a  wheel  called  a  sheave,  fijced  ina 
block  turning  on  a  pivot.  A  groove  is  formed  in  the  edge  of  the 
wheel,  in  which  the  rope  runs,  the  wheel  revolving  with  it. 
This  apparatus  is  represented  in^.  116. 
Notwithstanding,  however,  that  this  expedient 
removes  the  effects  of  friction  and  rigidity  to  no  great 
a  degree  as  to  render  the  use  of  the  cord  practically 
available,  it  must  not  be  supposed  that  these  cffeeti 
arc  altogether  overcome;  they  still  produce  some 
impediments  to  the  full  efficiency  of  the  power, 
as  will  be  explained  more  fully  hereafter.  Rv 
the  present,  \ioweveT,  ^«  vkall  consider  tfie  rope 
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li  lendered  bj  this  expedient  perfectly  flexible  and  free  from  fric- 

463,  Fixed  puIUy  useful  to  change  the  direction  of  the  power.  — 
By  means  of  a  single  sheave,  a  power  acting  in  any  one  direction  may 
Ve  Bade  to  transmit  its  effects  to  a  resbtance  in  any^ther  direction, 
provided  the  two  lines  of  direction  be  in  the 
same  plane,  and  not  parallel.  Thus,  let  a  b, 
fg.  116.,  be  the  direction  in  which  the  power 
acts,  and  let  c  D  be  the  direction  in  which  the 
weight  or  resistance  acts. 

To  transmit  in  this  case  the  power  to  the 
weight,  let  the  two  directions  B  A  and  D  o  he 
prolonged  until  they  meet,  which  they  will  do 
at  o.     In  the  angle  o,  formed  by  the  two  di- 
rections, let  a  sheave  be  placed,  and   let  the 
power  be  connected  with  a  rope  in  the  direction 
B  A.     This  rope  being  carried  from  A  over  the 
sheave  at  o,  must  be  brought  down  in  the  di- 
rection c  D,  and  connected  with  the  resistance. 
464.  Case  in  which  the  power  and  resistance  are  parallel.  —  But 
if  the  direction  of  the  power  and  resistance  be 
parallel,  as  in^^.  117.,  then  the  effect  of  the 
power  might  be  transmitted  to  the  weight  by 
means   of  a  cord  and   two  fixed  pulleys,  one 
placed  over  the  direction  of  the  force,  and  the 
other  over  the  direction  of  the  weight,  as  repre- 
sented in  the  figure. 

465.    Case   in  which   they  are  in  different 
planes.  —  In  fine,  if  the  direction  of  the  power 
and  the  weight  be  not  placed  in  the  same  plane, 
then  the  effect  of  the  power  may  still  be  trans- 
aitted  to  the  weight  by  means  of  two  pulleys. 

Let  OS  suppose,  for  example,  that  a  power  acting  in  a  given  hori- 
lootai  line  is  required  to  be  transmitted  to  a  weight  acting  at  some 
distsnce  from  it,  in  a  certain  vertical  line,  which  is  not  in  the  same 
pJane  with  the  direction  of  the  power. 

Let  two  fixed  pulleys  be  placed  at  two  points  in  any  convenient 
positions  on  the  lines  of  direction  of  the  power  and  weight,  and  let  a 
line  be  supposed  to  join  these  points.  Let  the  axis  of  one  of  the 
pollejs  be  pbccd  at  right  angles  to  the  plane  formed  by  the  line  of 
direction  of  the  power  and  the  lino  joining  the  two  pulleys,  and  let 
the  other  be  plaoed  with  the  axis  at  right  angles  to  the  plane  passing 
through  the  line  of  direction  of  the  weight  and  the  line  joining  the 
two  polleys.  By  this  arrangement,  the  cord  beinff  passed  succcs- 
■felj  over  both  pulleyS;  the  effect  of  the  power  will  be  tran^nivtud 
to  the  w^hL 
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466.  Power  and  weight  equal  when  a  single  rope  is  used  wUkfiai 

pulleys.  —  In  all  these  cases,  the  same  cord  by  which  the  weight  is 
suspended  being  directly  connected  with  the  power,  and  its  tension 
throughoat  its  entire  length  being  the  same,  the  weight  and  the 
power  must  b^  equal  when  they  are  in  equilibrium.  This  condidon 
is  also  rendered  manifest  by  the  fiict,  that  from  the  motion  of  the 
mechanism  connecting  it,  the  weight  and  power  will  move  with  the 
same  velocity. 

It  appears,  therefore,  that  no  mechanical  advantage  ia  gained  by  a 
single  rope  acting  over  one  or  more  fixed  pulleys ;  nevertheless,  there 
is  scarcely  any  engine;  simple  or  complex,  which  ia  attended  widi 
more  convenience. 

467.  Mechanical  convenience  of  changing  the  direction  of  ikt 
power,  —  In  the  applications  of  power,  whed^er  of  man  or  animah, 
or  arising  from  other  natural  forces,  there  are  always  some  directioiu 
in  which  it  may  be  exerted  to  greater  convenience  and  advantage 
than  others,  and  in  many  cases  the  power  is  capable  of  acting  only  m 
one  particular  direction.  Any  expedient,  therefore,  which  enables  it 
to  give  the  most  advantageous  direction  to  the  moving  power  what- 
ever be  the  direction  of  the  resistance  opposed  to  it^  contributes  u 
much  practical  convenience  as  one  which  enables  a  small  power  to 
balance  or  overcome  a  great  weight. 

468.  Fire  escapes,  —  By  means  of  the  fixed  pulley  a  man  may 
raise  himself  to  a  considerable  height,  or  descend  to  any  proposed 
depth.  If  he  be  placed  in  a  chair  or  a  basket  attached  to  one  end  of 
a  rope  which  is  carried  over  a  fixed  pulley,  by  laying  hold  of  this 
rope  on  tlie  other  side,  he  may,  at  will,  descend  to  a  depth  equal  to 
half  of  the  entire  length  of  the  rope,  by  continually  yielding  rope 
on  the  one  side,  and  depressing  the  basket  or  chair  by  his  weight  oo 
the  other.  Fire  escapes  have  been  constructed  on  this  principle,  the 
fixed  pulley  being  attached  to  some  part  of  the  building. 

409.  Tlic  single  moveable  pulley,  —  A  single  moveable  pulley  is 
represented  infg,  118. ;  a  cord  is  carried  from  a  fixed  point  F,  and 

passing  through  a  block  B  attached   to  a  weight  W 

c4  '^Y  pas.%s  over  a  fixed  pulley  c,  the  power  being  applied 
at  p.  We  shall  first  suppose  the  parts  of  the  oord  on 
each  side  the  wheel  B  to  be  parallel :  in  this  caae  the 
whole  weight  w  being  sustained  by  the  parts  of  the 
cords  B  G  and  B  F  and  these  parts  being  equally  stretch- 
ed, each  must  sustain  half  the  weight,  which  is  there- 
fore the  tension  of  the  cord.     This  tension  is  resisted 

Fig.  118.  by  the  power  at  p,  which  must  therefore  be  eqnil 
to  half  the  weight. 

In  this  machine,  therefore,  the  weight  is  twice  the  power. 

470.  Case  in  which  the  cords  are  not  parallel,  — If  the  puts  of 
tbe  oord  B  c  acd  b  f  be  not  paT»We\,  «a  \\ifig,  IIQ..^  a  gutter  ] 
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than  half  the  weight  is  therefore  neccs- 
sary  to  sustain  it.  To  determiue  the 
power  necessary  to  support  a  given  weight 
in  this  case,  t£^e  the  line  B  A  in  the  ver- 
tical direction,  consisting  of  as  many 
inches  as  the  weight  consists  of  ounces; 
from  A  draw  A  D  parallel  to  B  c,  and  A  K 
parallel  to  B  F :  the  force  of  the  weight 
represented  by  A  B  will  be  equivalent  to 
**       '  two  forces  represented  by  B  D  and  b  k. 

Hie  nambcr  of  inches  in  these  lines  respectively  will  represont  the 
aamber  of  ounces  which  are  equivalent  to  the  tensions  of  the  part^j 
B  F  and  B  c  of  the  cord.  But  as  these  tensions  are  equal^  b  d  and 
B  K  must  be  equal,  and  each  will  express  the  amount  of  the  power  v, 
which  stretches  the  cord  at  p  c. 

It  is  evident  that  the  four  lines  A  £,  E  B,  B  D,  and  D  A  are  equal ; 
ind  as  each  of  them  represents  the  power,  the  weight  which  is  re- 
fKsented  by  A  b  must  be  less  than  twice  the  power  which  is  repre- 
sented by  A  £  and  e  b  taken  together.  It  follows,  there- 
fore, that  as  the  parts  of  the  rope  which  support  the 
weight  depart  from  parallelism,  the  machine  becomes 
less  and  less  efficacious,  and  there  are  certain  obliquities 
at  which  the  equilibrating  power  would  be  much  greater 
than  the  weight. 

471.  Moveable  block  with  several  sheaves.  —  If  se- 
veral sheaves  be  constructed  in  the  same  moveable  block, 
the  mechanical  advantage  may  be  proportionally  aug- 
mented, lu^^.  120.,  a  system  is  represented  in  which 
three  sheaves  are  inserted  in  the  moveable  block  bearing 
the  weight,  the  same  number  being  inserted  in  the  fixed 
block.  The  cord  is  carried  from  the  power  first  over  the 
fixed  sheave  A,  then  over  the  moveable  sheave  b,  then 
over  the  fixed  sheave  c,  the  moveable  sheave  D,  the  fixed 
sheave  E,  and  the  moveable  sheave  F,  and  finally  attached 
to  the  block  at  G. 
Now,  since  the  cord  throughout  its  whole  length  is  stretched  with 
the  same  force,  and  since  it  is  evident  that  at  the  part  where  the  power 
k  applied,  this  force  of  tension  must  be  equal  to  the  power,  it  follows 
that  the  siz  parts  of  the  cord  which  support  the  weight  will  each  be 
stretched  by  a  force  equal  to  the  power,  and  that  consequently  the 
weight,  when  in  equilibrium,  must  be  equal  to  six  times  the  power. 

&is  condition  may  also  be  inferred  from  the  fact,  that  if  the  power 
move  the  cord,  its  velocity  will  be  six  times  that  of  the  weight ;  for 
if  six  feet  of  the  rope  be  drawn  over  the  fixed  pulley,  these  six  feet 
miut  be  equally  distributed  between  the  six  parts  of  the  rope  which 
nstain  the  wei^h^  and  consequentlf  each  part  most  be  ndeed  l\iiow^ 


Fig.  120. 
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one  foot;  which  is  therefore  the  height  through  which  the  wi^ght 
would  be  raised  for  every  six  feet  through  which  the  power  paases. 

472.  Condition  of  equililnium  of  such  a  block.  —  In  general  it 
may  therefore  be  inferred,  that,  in  a  pulley  which  consists  of  a  siog^ 
moveable  block  containing  one  or  more  sheaves,  the  weight,  when  in 
equilibrium,  will  be  just  as  many  times  the  power  as  is  represented 
by  the  number  of  cords,  or  the  number  of  parts  of  the  cordy  which 
sustain  the  weight. 

473.  Efect  of  attaching  the  end  of  the  rope  to  the  moveable  blocL 
—  In  the  form  of  moveabk  block  represented  in^.  121.,  the  cord, 
after  passing  successively  over  the  sheaves,  is  finally  attached  to  the 
lower  block.  This,  by  increasing  the  parts  of  the  cords  supporting 
the  lower  block  by  one,  augments  the  efficiency  of  the  instrament 
without  increasing  the  number  of  sheaves. 

474.  Smeaion's  and  White* i  pulleys,  —  Two  of  the  most  powerful 
forms  of  pulley,  consbtmg  of  a  single  moveable  block,  are  represented 
in^«.  122  and  123. 

The  combination  represented  in^^.  122.  is  called  Smeaton's  pulley, 
having  been  invented  by  that  celebrated  engineer.  The  fixed  and 
moveable  block  contain  each  ten  sheaves,  and  the  order  in  which  the 
rope  is  carried  over  them  is  represented  in  the  figure  by  the  numbeis 
1,  2,  3,  4,  &c.  The  total  number  of  parts  of  the  cord  supporting  the 
lower  block  is  in  this  case  twenty,  and  consequently  the  power  is  to 
the  weight  as  1  to  20. 


Fig.  121. 


Fig.  123. 


Fig.  122. 

The  form  of  pulley  represented  injf^.  128.  is  called  Wkite'i 
pulley 

475.  Systems  of  pulleys  consisting  of  several  ropes  and  wumeahk 

blocks. — If  inst^  of  one  moveable  block  and  a  smale  rope,  tvoet 

mare  moveable  blocks  with  independent  ropes  be  nsedi  &•  Wowir  of 
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the  pnUej  may  be  augmented  on  the  same  principle  as  in  the  case  of 
compound  levers  or  compound  wLeel-work. 

Different  combinations  of  this  idnd  are  represented  in  Jigs.  124. 
125. 126.  and  l27. 


t  i  \ 


Fi(.  184. 


Fig.  125. 


Fig.  126. 


Fig.  127. 


The  figures  which  are  annexed  to  the  ropes  in  each  case  represent 
ihe  power  thej  respectiTelj  exert. 

The  first  rope  in^.  124.  is  stretched  by  the  force  of  the  power 
only.  The  first  moveable  block  being  sup{)orted  by  two  parts  of  this 
first  rope  will  exert  a  force  equal  to  double  the  power  on  the  second 
rope  \  and  the  second  moveable  block  being  supported  by  two  parts 
of  this  rope  will  exert  a  force  upon  the  third  rope  equal  to  four  times 
the  power;  and  in  the  same  way  it  follows  that  the  third  block  will 
exert  a  force  in  supporting  the  weight  equal  to  eight  times  the 
power. 

In  such  a  system^  the  addition  of  each  moveable  block  doubles  the 
mechanical  effect 

But  without  augmenting  the  number  of  moveable  blocks,  but  only 
adding  fixed  blocks,  the  effects  may  be  augmented  in  a  three-fold  in- 
stead of  a  two-fold  proportion,  as  represented  in^.  125.,  where  each 
socoessiTe  moveable  block  is  supported  by  three  parts  of  the  same 
cord. 

In^.  126.  the  ends  of  the  cords,  instead  of  being  attached  to 
fixed  pointSy  are  attached  to  the  weight. 

In  this  case,  the  weight  is  supported  by  each  of  the  several  cords, 
these  cords  being  stretched  by  different  forces.  The  first  is  stretched 
with  a  foree  equal  to  the  power,  the  second  with  a  force  equal  to 
doable  the  power,  and  the  third  with  a  force  equal  to  four  times  the 
power,  and  so  on.  In  such  a  system,  the  mechanical  effect  for  the 
same  number  of  blocks  is  greater  than  in  that  represented  \nfig- 124., 
where  three  blocks  only  support  a  weight  four  times  the  power; 
whereas  in  the  system  represented  in^.  126,  three  blocks  support 
I  the  power. 
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The  cfifccts  of  this  system  may  be  still  further  increased  by  attach 
ing  blocks  to  the  weieht,  as  represented  in^.  127.,  and  carrying  the 
ropes  to  the  pulleys  above. 

The  effect  produced  is  indicated  by  the  numbers  fixed  to  the  eordi. 

476.  The  practical  effect  of  pulleys  varies  considerably  frwn  their 
theoretical  effect,  —  From  its  portable  form,  cheapness  of  con8tni&' 
lion,  and  the  facility  with  which  it  may  be  applied  in  almost  eveiy 
situation,  the  pulley  is  one  of  the  most  useful  of  the  simple  machines. 
The  mechanical  advanta^,  however,  which  it  appears  in  theoiyto 
possess,  is  considerably  diminished  in  practice,  owing  to  the  stiflnea 
of  the  cordage  and  the  friction  of  the  wheels  and  blocks.  By  these 
means  it  is  computed  that  in  most  cases  so  great  a  proportion  as  two 
thirds  of  the  power  is  lost.  The  pulley  is  much  used  in  building 
when  weights  are  to  be  elevated  to  mat  heights ;  but  its  most  exten- 
sive application  is  found  in  the  rigging  of  ships,  where  almost  eveij 
motion  is  accomplished  by  its  means. 

In  all  these  examples  of  pulleys,  we  have  supposed  the  parts  of 
the  rope  sustaining  the  weight,  and  each  of  the  moveable  pulleys,  to 
be  parallel  to  each  other.  If  they  be  subject  to  considerable  ob- 
liquity, the  relative  tensions  of  the  dififerent  ropes  must  be  estimated 
according  to  the  principle  applied  in  470. 


CHAP.  VI. 

INCLINED   PLANE  —  WEDGE  AND   SCREW. 

477.  Effect  of  an  inclined  surface  on  a  weight. — A  hard  surface 
pressed  against  a  weight  or  resistance  in  a  direction  at  right  angles  to 

it,  would  support  it,  and  the  whole 
amount  of  such  weight  or  resistance 
would  in  this  ease  press  upon  the  sur- 
face. But  if,  instead  of  being  at 
right  angles  to  it,  it  were  placed  in  an 
oblique  direction,  then  the  weight  or 
resistance  would  be  resolved  by  the 
parallelogram  of  forces  into  two,  one 
of  which  would  act  perpendicularly 
to  the  plane  and  produce  pressure 
upon  it,  and  the  other  would  be  paral- 
lel to  the  plane,  and  be  free  to  prodooe 
motion. 

Let  A  B,  Jig.  128,  be  sncb  a  mp- 
fiu3e,  and  let  w  be  a  body  jwindag 


rig.  128. 
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resistanoe,  or  having  a  tendency  to  movo  in  (he  dimction  n'  a' 
ic  to  B  A.  Let  the  whole  force  with  wliicli  w  would  move  if 
Lpported  by  the  plane  be  exprestied  by  u'  a'.  Then,  taking  b'  a' 
I  diagonal  of  a  parellelograin  one  of  whose  i$idos  is  B'c'  at 
■agles  to  B  A,  and  the  other  B'  D  in  the  direction  of  the  plane, 
roe  b'  a'  will  be  equivalent  to  two  forces,  one  represented  by  b' 
i  the  other  by  b'  d.  The  former  being  perpendicular  to  the 
wOl  be  resisted  by  its  reaction,  and  the  other  only  will  take 
To  support  the  weight,  therefore,  in  this  case,  would  require 
e  acting  parallel  to  the  plane,  and  opposite  to  the  force  reprc- 
I  by. WD. 

we  take  on  the  plane  the  length  B  A  equal  to  b'  a',  and  draw  A 
illel  to  b'  a',  and  B  c  perpendicular  to  it,  then  the  triangle  ABC 
«  in  all  respects  equal  and  similar  to  a'  b'  c'  ;  in  fact,  it  may  be 
lered  as  the  same  triangle,  but  in  a  dififerent  position. 
loe,  therefore,  a'  b',  b'  g',  and  a!  c',  represent  respectively  the 
\  force  of  the  body  w,  its  pressure  on  the  plane,  and  its  tendency 
ove  in  the  dnrection  of  the  plane,  these  three  forces  will  be 
ly  represented  in  their  effects  by  the  lines  A B,  BO,  and  A o. 

8.  The  inclined  plane — condition  of  equilibrium, — We  have 
taken  the  general  case,  and  supposed  the  body  w  to  exercise  a 
in  any  direction  whatever ;  but  if  we  apply  the  principle  to  the 
(^  a  heavy  body  resting  upon  a  plane  inclined  to  the  vertical 
tion,  then  the  machine  becomes  what  is  commonly  called  the  in- 
i  plane. 

B  is  called  the  length  of  the  plane,  A  o  its  height,  and  B  c  its 

om  what  has  been  just  proved,  then,  it  follows,  that  if  a  weight 
bMxd  upon  an  inclined  plane,  the  weight  consisting  of  as  many 
da  as  there  are  inches  in  the  length  of  Uie  plane,  the  pressure  on 
Jane  will  consist  of  as  many  pounds  as  there  are  inches  in  the 
and  the  tendency  to  move  down  the  plane  will  be  balanced  by 
any  pounds  as  there  are  inches  in  the  height 

9.  Apparatus  to  illustrate  experimentally  the  inclined  plane. — 
appanUoa  represented  in^.  129  is  intended  to  represent  this 

experimentally.  The  weight  placed  upon 
the  plane  is  a  roller  so  formed  as  to  move 
freely  upon  it.  A  string  is  attached  to  it, 
which  being  carried  parallel  to  the  plane 
is  conducted  over  a  fixed  pulley,  and  sup- 
ports a  dish  bearing  a  weight.  On  com- 
paring this  weight,  including  the  weight 
Fig.  129.  ^f  ^|jg  ^jQgi,^  ^^h  ^ije  weight  of  the  roller 

I  the  plane,  and  by  varying  the  angle  of  elevation  of  the  plane, 
Sad  thai  in  every  case  the  weight  necessary  to  produce  eqoili- 

21& 


214  THEORY  OF  MACHINERY. 


brium  will  be  expressed  by  tbc  beight  of  tbe  plane,  the  entire  wof^t 
of  tbe  roller  being  expressed  bj  its  length. 

It  is  evident  from  what  has  been  just  explained  thai  the  less  tbe 
elevation  of  the  plane  is,  the  less  will  be  the  power  Teqniaite  to  sus- 
tain a  given  weight  upon  it,  and  the  greater  will  be  the  pressure  upon 
it  ]  for  the  less  the  elevation  of  the  plane  is,  the  less  will  be  its  height 
and  the  greater  will  bo  its  base. 

480.  Inclined  roads,  —  Hoads  which  are  not  level  may  be  consi 
dered  as  inclined  planes,  and  loads  drawn  upon  them  in  carriages,  re> 
garded  in  reference  to  the  powers  which  impel  them,  are  subject  to  nil 
tbc  conditions  which  have  been  established  for  inclined  planes. 

The  inclination  of  the  road  is  estimated  by  the  height  correspond- 
ing to  some  proposed  length  :  thus  we  say,  a  rood  rises  one  foot  in 
twenty-five,  or  one  foot  in  thirty;  meaning  that  if  twenty-five  or 
thirty  feet  of  the  road  be  taken  as  the  length  of  an  inclined  plane, 
the  corresponding  height  of  such  plane  would  be  one  foot ;  and  if 
twenty-five  or  thirty  feet  be  measured  upon  the  road,  the  difierence 
of  tbe  level  of  the  two  extremities  will  be  one  foot.  According  to 
this  method  of  estimating  tbe  inclination  of  roads,  the  power  requir- 
ed to  susUiiu  a  load  upon  them,  friction  apart,  is  always  proportional 
to  this  rate  of  elevation.  If  a  road  rise  one  foot  in  twenty,  then  t 
power  of  one  ton  will  be  sufficient  to  sustain  twenty  tons ;  and  so  on. 

481.  Inclined  planes  on  railways.  —  When  a  power  is  employed 
in  moving  a  loud  upon  a  road  thus  inclined,  the  action  of  the  power 
m:iy  also  be  regarded  in  another  point  of  view. 

]jet  us  suppose  a  railway  train  weighing  200  tons  moving  up  an 
inclined  plane,  which  rises  at  tbe  rate  of  one  in  two  hundred;  what 
mecbauical  effect  does  tbe  moving  power  produce  in  moving  up  200 
feet  of  such  a  plane  ? 

First,  it  acts  agiiinst  the  friction,  the  atmospheric  and  other  resist- 
ances  to  which  it  would  bo  exposed  if  tbe  plane  had  been  level. 

Secondly,  it  is  employed  in  raising  the  entire  weight  of  the  tnin 
through  tbc  elevation  which  corresponds  to  200  feet  in  length,  that 
is,  through  one  perpendicular  foot. 

Tbe  mechanical  effect,  therefore,  is  precisely  the  same  as  if  the 
load  of  200  tons  had  been  first  moved  along  a  level  plane  200  feet 
long,  and  then  elevated  up  a  step  one  foot  high ;  but  instead  of  being 
called  upon  to  make  this  great  exertion  of  raising  two  hundred  tons 
directly  through  one  perpendicular  foot,  the  moving  power  is  enabled 
gradually  to  accomplish  tbe  same  object  by  a  longer  continuance  of  a 
more  feeble  exertion  of  force,  such  exertion  being  spread  over  200 
feet  instead  of  being  condensed  into  a  siTigle  foot. 

482.  Case  in  which  the  power  acts  in  a  direction  inclined  to  the 
plane,  —  In  all  that  precedes,  we  have  assumed  that  the  power  acta 
parallel  to  the  plane;  in  some  cases,  however,  it  acts  obliquelj  to  it 

Le^  W  P,Jlg'  130.,  be  the  direction  of  t\i%  i^crtceT.    Taking  that  ai 
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the  diagonal  of  a  parallelogntn,  it  will  be  eqaivalent  to  w  D  and  w  l, 
the  fcMrmer  perpendicular^  and  the  latter  parallel  to  the  plane. 


Fig.  130. 


Fig.  131. 


w  D  will  have  the  effect  of  diminishing  the  pressure  on  the  plane, 
and  W  E  will  be  efficient  in  drawing  the  weight  up  the  plane. 

In  some  cases,  the  direction  of  the  power  is  below  the  plane,  as  in 
fig,  131.  In  this  case,  as  before,  the  power  w  P  is  resolved  into  two 
forces,  w  E  parallel  to  the  plane,  and  w  d  perpendicular  to  it 

The  latter  augments  the  pressure  of  the  weight  oA  the  plane,  and 
the  former  is  efficient  in  drawing  it  up  the  plane. 

4S3.   Cote  of  douhU  inclined  plane,  —  It  sometimes  happens  that 
a  wei^t  upon  one  inclined  plane  is  raised  or  supported  bj  another 
weight  upon  another  inclined  plane.     Thus,  if  a  b  and  a  B'y  Jig,  132., 
be  two  inclined  planes,  forming  an  angle 
at  A,  and  ww'  be   two  weights  pla^ 
upon  these  planes,  and  connected  by  a 
,  cord  passing  over  a  pulley  at  A,  the  one 
weight  will  either  sustain  the  other,  or 
one  will  descend,  drawing  the  other  up. 
Fig.  132.  To  determine   the  circumstances  under 

which  these  effects  will  ensue,  draw  the  lines  w  D  and  w'  d'  in  the 
vertical  direction,  and  take  upon  them  as  many  inches  as  there  are 
ooncefl  in  the  weights  respectively,  w  d  and  w'  d'  being  the  lengths 
thus  taken,  and  therefore  representing  the  weights,  the  lines  w  E  and 
w'  ■'  will  represent  the  effects  of  these  weights  respectively  down  the 
planefl.  If  W  K  and  w'  e'  bo  equal,  the  weights  will  sustain  each 
other  without  motion ;  but  if  w  e  be  greater  than  w'  e',  the  weight 
w  will  descend,  drawing  the  weight  w'  up ;  and  if  w'  e'  be  greater 
than  w  E,  the  weight  w  will  descend,  drawing  the  weight  w  up.  In 
every  case  w  r  and  w'  r'  will  represent  the  pressures  upon  the  planes 
respectively. 

484.  Case  of  self-acting  planes  on  railways,  —  It  is  not  neces« 
sary,  for  the  efltect  just  described,  that  the  inclined  planes  should,  as 
represented  in  the  figure,  form  an  angle  with  each  other.  They  may 
be  parallel,  or  in  any  other  position,  the  rope  beinc  carried  over  a 
sufficient  number  of  wheels,  placed  so  as  to  give  it  the  necessary  de- 
flection. This'  method  of  moving  loads  is  frequently  applied  in  mat 
pablio  works  where  railroads  are  used.     Loaded  waggons  descend  one 
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inclined  plane,  wUilo  other  waggoDS  eitlicr  empty  or  lo«dod,  so  »  to 
permit  the  descent  of  those  with  which  they  are  ooimectcd,  ue  dnvn 
up  the  other. 

485.  The  teedge.  —  When  tbe  weight  is  not  moved  ppon  the  pUw^ 
but  is  stationary »  the  pkne  being  itself  moved  ander  the  weight,  the 
machine  is  called  n  wedge. 

Let  D  T.fjig.  133.,  bo  a  heavy  beam,  secured  in  a  vertical  pon^ 
between  guides,  F  a  and  ii  i,  so  that  it  is  free  to  move  npwmrds  and 
downwaras,  but  not  lat^^rally.     Let  a  b  o  be  an  inclined  plue^  tbi 


Fig.  133. 


Fig.  134. 


extremity  of  which  is  placed  beneath  the  end  of  the  beam.  A  fone 
applied  to  the  back  of  this  plane  A  c,  in  the  direction  o  B,  will  vgo 
the  plane  under  the  beam  so  as  to  raise  the  beam  to  the  pontion  r^ 
presented  in  Jig,  134.  Thus,  while  the  inclined  plane  ia  moied 
throuch  the  distance  c  B,  the  beam  is  raised  through  the  heiffht  0 1. 
It  follows,  therefore,  that  in  the  case  of  the  wedge  the  veTodtT  of 
the  resistance  is  to  the  velocity  of  the  weight  as  the  base 
of  the  inclined  plane,  which  forma  the  wedge^  ia  to  ill 
height 

486.  Wedges  cotuiti  of  two  inclined  pUmei.'^ 
Wedees,  however,  are  more  generally  formed  of  two  in- 
clined  planes,  connected  baae  to  base,  aa  repreaenled  tm 
Jig,  135.  In  this  ease,  the  back  of  the  wed^  is  the 
sum  of  the  heighte  of  the  two  inclined  planeSi  and  the 
length  of  the  wedge  is  their  common  base. 

The  force,  therefore,  which  drives  the  wedge  is  to  the 
re^tanco  with  which  it  equililnrates,  as  half  toe  back  of 
the  wedge  is  to  its  length. 
It  follows  from  th^  that  wedges  become  more  poweifbl  as  ihflj 
become  sharper. 

487.  Theory  of  the  wedge  practically  inapplicahh. — This  thooiy 
of  the  wedge,  however,  is  not  applicable  in  practice  with  any  iqpeB 
of  accuracy.  This  is  owing  chiefly  to  the  enormous  dispropoitaoii 
which  friction  in  these  machines  bears  to  the  power;  bat  immeBd- 
vDtIf  of  this  there  ia  another  ^fficulty  in  the  theory  of  thia  m^«— ^ 


Fig.  135. 
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3.  Ptmo^  applied  to  wedge  utuaUy  percussion,  —  The  power 
KMkly  used  in  the  case  <^  a  wedge  is  not  pressure,  but  pereus- 
The  force  <^  a  blow  is  of  a  nature  so  different  from  continued 
,  Boeh  aa  the  pressure  of  weights,  that  it  admits  of  no  numerical 
Biiaon  with  the  resistance  OTOred  bj  cohesion,  to  overcome  which 
generallj  applied.  We  cannot  properly  state  the  proportion 
h  a  blow  bears  to  a  weight  The  wed^  is  almost  invariably 
1  by  percussion,  while  the  resistances  which  it  has  to  ovorcomj 
s  constantly  forces  of  another  kind. 

Ithough,  however,  no  exact  numerical  computation  can  be  made, 
it  may  be  stated  in  general  that  the  wedge  is  more  and  more 
frful  as  the  angle  is  more  acute. 

19.  Practical  use  of  the  wedge.  —  The  cases  in  which  wedges 
nost  ^erally  used  in  the  arts  and  manu&ctures,  are  those  in 
h  an  mtense  force  is  required  to  be  exerted  through  a  very  small 
3.  This  instrument  is  thereforb  used  for  splitting  masses  of  tim« 
ir  stone ;  for  raising  vessels  in  docks,  when  they  are  about  to  be 
shed,  by  being  driven  under  their  keels ;  in  presses  where  the  juioe 
ieds,  fruits,  or  other  substances  is  required  to  be  extracted,  as, 
xample,  in  the  oil-mill,  in  which  the  seeds  from  which  the  oil  is 
leted  are  introduced  into  hair  bags,  which  being  placed  between 
38  of  hard  wood  are  pressed  by  wedges.  The  pressure  exerted 
te  wedges  is  so  intense  that  the  dry  seeds  are  converted  into  solid 
es  aa  hard  and  compact  as  the  most  dense  woods.  Wedges  have 
used  occasionally  to  restore  to  the  perpendicular  edifices  which 
been  inclined  owing  to  the  sinking  of  their  foundations. 
>0.  Practical  examples — cutting  and  piercing  instruments,  Sfc. 
XL  cutting  and  piercing  instruments,  such  as  knives,  razors,  shears, 
NTS,  chisels,  nails,  pins,  needles,  &c.,  are  wedges.  The  angle  of 
redge  in  all  these  cases  is  more  or  less  acute,  according  to  the 
oae  to  which  it  is  applied.  Chisels  intended  to  cut  wood  have 
edfle  at  an  angle  of  about  80^;  for  cutting  iron  from  50^  to  60^, 
for  Draas  about  80^  to  90^  In  general,  tools  which  are  urged 
resBore  admit  of  beinff  sharper  than  those  which  are  driven  oy 
iflsion.  The  softer  and  more  yielding  the  substance  to  be  divid^ 
le  more  acute  the  wedge  may  be  constructed. 
^1.  Utility  of  friction  in  the  application  of  the  wedge. —  In 
f  oases  the  efficiency  of  the  wedge  depends  on  that  which  is  en- 
f  omitted  in  its  theory,  viz.,  the  friction  which  arises  between  its 
loe  and  the  substance  which  it  divides.  This  is  the  case  when 
,  bolts,  or  nails  are  used  for  binding  the  parts  of  structures  to- 
er,  in  which  case,  were  it  not  for  the  friction,  they  would  recoil 
I  their  pbces  and  fail  to  produce  the  desired  effisct  Even  when 
wedge  is  used  as  a  mechanical  enrine  the  presence  of  friction  ia 
httely  indispensable  to  its  pncticu  ntiiity. 
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The  power,  aa  has  already  been  ataied,  genenlly  acts  hj 
aive  blows,  and  is  therefore  subject  to  constant  intermiaaiony  and  hot 
for  the  friction  the  wedge  would  recoil  between  the  inteirala  of  the 
blows  with  as  much  force  as  it  had  been  driven  forward.  Thoa  the 
object  of  the  labour  would  be  continually  frustrated.  The  friction  io 
this  case  is  of  the  same  use  as  a  ratchot-whecli  bat  ia  much  more 
necessary,  as  the  power  applied  to  the  wedge  ia  much  more  liable 
to  intermission  than  in  the  cases  where  ratchet-wheels  are  gene- 
rally used. 

492.  The  screw,  —  In  ascending  a  steep  hill  it  has  been  the  prac- 
tice of  rood  engincersy  instead  of  making  an  inclined  plane  directlj 
from  the  base  to  the  summit,  to  carry  the  road  round  the  hill|  gradu- 
ally rising  as  it  proceeds.  If  we  desire  to  ascend  with  ease  to  the 
top  of  a  high  column,  we  could  do  so  if  a  path  or  ledge  were  formed 
on  the  outer  surface,  gradually  winding  round  and  round  the  <iolnDn 
from  the  bottom  to  the  top.  Such  a  path  wcuH  be,  iu  fint,  an  ia- 
clined  plane  carried  round  the  column.  But  it  will  be  evident  tfaaft 
such  an  arrangement  would  constitute  a  screw.  Thii  will  be  no- 
dered  still  more  apparent  by  the  following  coLt/if  aace. 


Fig.  136. 


Fig.  137. 


Let  A  B,  Jig.  136.,  bo  a  cylindrical  /oiler,  and  let  o  D  K  be  an  in- 
clined plane  cut  in  paper,  the  height  uf  which  0  D  is  equal  to  tlia 
length  of  the  roller. 

Let  the  edge  c  D  be  pasted  on  the  roller,  and  then  let  the  roller 
be  turned  so  that  the  paper  shall  bo  wrapped  round  it.  When  it 
makes  one  revolution  of  the  roller,  the  portion  of  the  edge  c  0  will 
have  made  one  spiral  coil ;  the  next  revolution  will  make  aa  equal 
spiral  coil,  and  so  on  until  all  the  paper  has  been  rolled  upon  the 
roller,  when  the  edge  of  the  paper  so  coiled  will  show  a  regular  ^ 
ral  line  round  the  roller,  as  represented  in  fig,  137. 

Taking  c  n  o,  Jig,  136.,  as  the  inclined  plane  thus  rolled  round 
the  roller,  it  is  evident  that  c  H  is  its  height,  and  H  o  its  baae.  Bol 
c  H  is  the  distance  between  two  successive  coils  of  the  spiral,  and  HO 
is  the  circumference  of  the  roller.  The  coils  of  the  spiral  are  called 
the  threads  of  the  screw,  and  the  distance  c  H  between  the  suGoeanve 
ooils  is  called  the  distance  between  the  threads. 

493.  Power  applied  to  screw  by  means  of  a  lever, — In  the  ap- 
plicBiioa  of  the  screw,  the  w^ght  or  leaistance  is  not,  as  in  the 
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inclined  plane  and  wedge,  placed  upon  the  surface  of 
the  plane  or  thread.  The  power  is  usually  transmitted 
by  causing  the  screw  to  mu?e  in  a  concave  cylinder,  on 
the  interior  surface  of  which  a  spiral  cavity  is  cut,  cor- 
responding exactly  to  the  thread  of  the  screw,  and  in 
which  the  thread  will  move  by  turning  round  the  screw 
continually  in  the  same  direction.  This  hollow  cylin- 
der is  usually  called  the  nut  or  concave  screw.  The 
screw  surrounded  by  its  spiral  thread  is  represented 
Fig.  138.     in^.138. 

494.  Methods  of  transmitting  the  power  to  the  resistance. — There 
•re  several  ways  in  which  the  power  is  transmitted  to  the  resistance 
by  means  of  a  screw ;  but  by  whatever  means  it  may  be  so  trans- 
mitted, it  is  evident  that  the  screw  will  move  the  resistance  in  a  single 
levolution  through  a  space  equal  to  the  distance  between  two  con- 
tiguous threads.  The  comparative  velocities,  therefore,  of  the  power 
and  weight  will  always  be  found  in  this  cbss  of  simple  machines  by 
eomparing  the  space  described  by  the  power,  in  imparting  one  revolu- 
tion to  the  screw  with  the  distance  between  two  contiguous  threads. 

495.  Condition  of  equilibrium, — The  most  common  manner  of 
urging  the  screw  is  by  a  lever  attached  to  its  head,  as  represented  in 
fg.  139.  at  ■  F.     Suppoung  the  power  to  be  applied  at  F,  it  will  in 

producing  one  revolution  of  the  screw, 
and  therefore  in  moving  the  resist- 
ance through  a  space  equal  to  the 
distance  oetween  two  contiguous 
threads,  make  one  complete  revolu- 
tion in  a  circle  whose  radius  is  the 
length  of  the  lever  on  which  it  acts. 
The  velocity,  therefore,  of  the  power 
will  he  to  the  velocity  of  the  weight 
as  the  circumference  of  the  circle 
P'    J29  described  by  the  power  is  to  the  dis- 

tance between  two  contiguous  threads ; 
and  consequently,  the  condition  of  equilibrium  between  the  power  and 
weight  will  be  this,  that  the  power  is  to  the  weight  as  the  distance 
between  the  contiguous  threads  is  to  the  circumference  described  by 
the  power. 

496.  Great  mechanical  force  of  screw  explained,  —  The  great 
mechanical  force  exerted  by  the  screw  will  hence  be  easily  understood. 
There  is  no  limit  to  Uie  sniallness  of  the  distance  between  the  threads, 
except  the  strength  which  is  necessary  to  be  given  to  them,  and  there 
is  no  limit  to  the  magnitude  of  the  circumference  to  be  described  by 
the  power,  except  the  necessary  facility  of  moving  in  it  We  am, 
therefore,  conceive  the  power  acting  by  a  lever,  fend  therefore  moving 
through  a  great  circumference  while  the  screw  moves  through  a  com- 
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pantivelj  minute  space ;  and  conseqaently,  in  Buoh  oasei  the  power 
will  bo  BO  much  less  than  the  resistance,  as  the  distanoe  between  tht 
threads  is  less  tlian  the  circumference  described  by  the  power. 

497.  Various  methods  of  connecting  the  screw  and  mtf.— Tho 
manner  of  acting  upon  the  resistance  by  means  of  the  screw  is  Teiy 
various.  Sometimes  the  nut  is  fixed  and  the  screw  moveable ;  some- 
times the  screw  is  fixed  and  the  nut  moveable ;  sometimes  the  nut, 
though  incapable  of  revolvinc,  can  be  moved  progressively;  and 
sometimes  the  screw  is  incapable  of  revolving,  but  is  moved  progres- 
liively.  These  conditions  admit  of  various  combinationB|  which  an 
severally  adopted  in  practice. 

In  Jig,  139.,  the  nut  a  b  being  supposed  to  be  fixed,  if  the  lever  r 
be  turned,  the  end  D  of  the  screw  will  descend  or  ascend,  accordiog 
to  the  direction  in  which  E  F  is  turned,  and  will  act  upon  the  resist' 
ance  accordingly. 

If  the  screw  be  fixed,  the  nut  may  be  moved  upon  it,  either  bj 
turning  the  nut  or  the  screw.  In  either  case  the  nut  will  ascend  or 
descend,  according  to  the  direction  of  the  motion.  In  each  revolu- 
tion it  will  move  through  a  space  equal  to  the  distance  between  two 
contiguous  threads. 

If  we  suppose  the  nut  A  By  Jig.  139.,  to  be  incapable  of  aaoen^i^ 
or  descending,  but  to  be  capable  of  revolving,  then  by  turning  it 
round  the  screw  which  plays  in  it,  the  screw  will  ascend  or  descend 
through  a  space  equal  to  the  distance  between  two  contiguous  threads 
for  every  revolution  made  by  the  nut. 

Od  the  other  hand,  the  apparatus  may  be  so  arranged  that  the 
screw,  though  capable  of  revolving,  is  incapable  of  a  progressiva  mo- 
tion, and  the  nut,  though  capable  of  a  progressive  motion,  is  incspa* 
ble  of  revolving.  In  this  case,  when  the  screw  is  made  to  revolTe, 
the  nut  in  which  it  plays  will  be  moved  upwards  or  downwards, 
through  a  space  equal  to  the  distance  between  two  threads,  1^  the 
revolution  of  the  screw. 

The  screw  is  generally  used  in  cases  where  severe  pressure  is  to 
be  exercised  through  small  spaces ;  it  is,  therefore,  the  agent  in  most 
presses. 

In  fg.  140.,  the  nut  is  fixed,  and  by  turning  the  lever  which 
passes  through  the  head  of  the  screw  a  pressure  is  exercised  vpoD 
any  substance  placed  upon  the  plate  immediately  under  the  end  of 
the  screw.  In  Jig,  141.,  the  screw  is  incapable  of  revolving,  bat  is 
capable  of  advancing  in  the  direction  of  its  length.  On  the  other 
hand,  the  nut  is  capable  of  revolving,  but  does  not  advance  in  the 
direction  of  the  screw.  When  the  nut  is  turned  by  means  of  the 
lever  inserted  in  it,  the  screw  advances  in  the  direction  of  its  length, 
and  urges  the  board  which  is  attached  to  it  downwards,  so  as  to  press 
anjr  substance  phiced  between  it  and  the  fixed  board  below. 
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Fig.  140. 


Fig.  141. 


498.  Varioiu  examples  of  ike  applieaiio  %  of  the  screw.  —  In  cases 
ikre  liquids  or  juioeB  are  to  be  expressed  from  solid  bodies,  the 
mw  18  the  agent  generallj  employed.  It  is  also  used  in  coining, 
there  the  impressioQ  of  a  die  b  to  be  made  upon  a  piece  of  metal, 
ad  in  the  same  way  in  produoing  the  impression  of  a  seal  upon  wax 
or  other  substance  adapted  to  receive  it.  When  soft  and  light  ma- 
terials, such  as  cotton,  are  to  be  reduced  to  a  convenient  bulk  for 
tnasportation,  the  screw  is  used  to  compress  them,  and  they  arc  thus 
ndooed  into  hard  dense  masses.  In  printing,  the  paper  is  sometimes 
vged  by  a  severe  and  sudden  pressure  upon  the  types  by  means  of 
aacrew. 

4d9.  Manner  of  cutting  a  screw.  —  A  screw  may  be  cut  upon  a 
cjUnder  by  placing  the  cylinder  in  a  turning-lathe,  and  giving  it  a 
rotary  motion  upon  its  axis.  The  cutting  point  is  then  presented  to 
the  cylinder  and  moved  in  the  direction  of  its  length  at  such  a  rate 
H  to  be  carried  through  the  distance  between  the  intended  threads 
while  the  cylinder  revolves  once.  The  relative  motions  of  the  cutting 
point  and  the  cylinder  being  preserved  with  perfect  uniformity,  the 
thread  will  be  cut  from  one  end  to  the  other.  The  shape  of  the 
threads  may  be  either  square,  as  in^.  138.,  or  triangular,  as  in^. 
140. 

500.  Method  of  augmenting  the  force  of  the  screw.  —  If  the  lever 
by  which  the  power  acts  on  the  screw  were  capable  of  indefinite  in- 
crease, or  the  thread  of  indefinite  fineness,  there  would  be  no  limit  tc. 
the  mechanical  effect  of  the  instrument ;  but  to  both  of  them  there 
are  practical  limits.  The  lever  cannot  be  increased  so  as  to  render 
the  operation  of  the  power  unwieldly  and  impracticable,  and  the 
thread  cannot  be  diminished  beyond  that  limit  which  will  n^e  suf- 
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ficicnt  Btrcugth ;  and  the  cases  in  which  the  greatest  mechanical  A 
caoy  ia  needed,  are  precisely  those  in  which  the  thread  of  the  aaew 
reouirea  to  be  strongest. 

501.  Hunter's  screw.  —  To  obtain  an  indefinite  augmentation  of 
the  power  of  the  screw,  without  diminishing 
the  strength  of  the  thread,  Mr.  Hunter  pro- 
posed an  arrangement  which  is  known  by 
his  name,  as  the  Hunterian  screw.  This  ii 
represented  in^.  142. 

This  contrivance  consists  in  the  use  of 
two  screws,  the  threads  of  which  may  hsTO 
any  strength  and  magnitude,  but  which  hxn 
a  very  small  difference  of  breadth. 

While  the  working  point  is  urged  for- 
ward by  that  which  has  the  greater  thread, 
it  is  drawn  back  by  that  which  has  the  lesi; 
so  that  during  each  revolution  of  the  saew, 
instead  of  being  advanced  through  a  space 
equal  to  the  magnitude  of  either  of  the 
threads,  it  moves  through  a  space  equal  to 
their  difference.  The  mechanical  power  of  such  a  machine  will  be 
the  same  as  that  of  a  single  screw  having  a  thread  whose  magnitude 
ia  equal  to  the  dififerenco  of  the  magnitudes  of  the  two  threads  just 
mentioned. 

Thus,  without  inconveniently  increasing  the  sweep  of  the  powex 
on  the  one  hand,  or  on  the  other  diminishing  the  thread  until  the 
necessary  strength  is  lost,  the  machine  will  acquire  an  efficacy  limited 
by  nothing  but  the  smallncss  of  the  difference  between  the  two 
threads. 

502.  Micrometer  screw,  —  The  very  slow  motion  which  may  be 
imparted  to  the  end  of  a  fine  screw  by  a  very  considerable  motion  of 
the  power,  renders  it  an  instrument  peculiarly  well  adapted  to  the 
measurement  of  very  minute  motions  and  spaces,  the  maffnitode  of 
which  could  scarcely  be  ascertained  by  any  other  means.  To  ezphdn 
the  manner  in  which  it  is  applied :  suppose  a  screw  to  be  so  cut  ai 
to  have  fifty  threads  in  an  inch,  each  revolution  of  the  screw  will  ad^ 
%'ance  its  point  through  the  fiftieth  part  of  an  inch.  Now,  suppose 
the  head  of  the  screw  to  be  a  circle  whose  diameter  is  an  inch,  the 
circumference  of  the  head  will  be  something  more  than  three  inches: 
this  may  bd  easily  divided  into  a  hundred  equal  parts,  dbtincdy 
visible.  If  a  fixed  index  be  presented  to  this  graduated  circuin* 
ference,  the  hundredth  part  of  a  revolution  of  the  screw  may  be  ob- 
served by  noting  the  passage  of  one  division  of  the  head  uaier  the 
index.  Since  one  entire  revolution  of  the  head  moves  the  pdnt 
through  the  fiftieth  of  an  inch,  one  division  will  corxespond  to  ths 
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fire-thoiuuidtli  of  an  inch.  In  order  to  observe  the  motion  of  the 
point  of  the  aorew  in  this  case,  a  fine  wire  is  attached  to  it,  which  ia 
carried  across  the  field  of  view  of  a  powerful  microscope,  bj  which  the 
motion  ia  ao  magnified  aa  to  be  distinctly  perceptible. 

CHAP.  VII. 

RXQULATION   OF  FOBCE. 

503.  Regulaiian  of  motion  necessary  in  machines,  —  Regalarity 
and  nniformity  are  two  of  the  conditions  most  universally  indispen- 
sable in  machmery.  Sudden  changes  of  motion  arc  always  injurious, 
and  sometimes  destructive  to  the  apparatus,  and  never  fail  to  produce 
inconvenience  and  imperfection  in  the  articles  fabricated. 

Much  attention,  therefore,  has  been  directed  to,  and  much  mechan- 
ical ingenuity  expended  on  contrivances  for  insuring  these  conditions 
of  regalarity  and  uniformity  in  the  movement  of  machinery,  by  re- 
moving those  causes  of  inequality  which  can  be  avoided,  and  by  com- 
pensating those  which  cannot. 

504.  Causes  of  irregular  motion,  —  Irregularity  in  the  motion  of 
mmchinerr  will  result  in  any  one  of  the  following  cases, — 

1*.  When  a  varying  power  is  opposed  to  a  uniform  resistance. 

2\  When  a  uniform  power  is  opposed  to  a  varying  resistance. 

8^.  When  the  power  and  resistance  both  vary,  but  not  proportion- 
ally to  each  other. 

i^When  the  power  is  not  transmitted  with  uniform  eficct  to  the 
working  point  in  the  successive  positions  assumed  by  the  machine. 

505.  FFhen  a  varying  power  is  opposed  to  a  uniform  resistance,  — 
The  force  of  the  prime  mover  is  seldom  regular.  The  force  of  water 
varies  with  the  copiousness  of  the  stream ;  the  force  of  wind  is  pro- 
verbially capricious ;  the  power  of  steam  varies  with  the  intensity  of 
combustion  in  the  furnace ;  and  the  force  of  animal  power,  depend- 
ing on  the  temper  and  health,  is  difficult  of  control,  human  labour 
being  the  most  unmanageable  of  all.  No  machine  works  so  irregu- 
larlv  aa  one  that  is  manipulated. 

In  Bome  cases^  the  prime  mover  is  subject,  by  the  very  conditions 
of  its  existence,  to  constant  variation,  as,  for  example,  where  it  is  a 
main  spring,  which  gradually  loses  its  energy  as  it  is  relaxed.  In 
some  cases,  the  prime  mover  is  liable  to  intermission,  and  is  totally 
suspended  during  certain  intervals.  An  example  of  this  is  presented 
m  the  single  actmg  steam-engine,  where  the  force  of  the  steam  acta 
only  daring  the  descent  of  the  piston,  but  is  suspended  during  its 
uoent 
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506.  Where  a  uniform  potocr  is  apposed  to  a  varying  rtwiUaMCtj^ 
In  almost  all  the  applioations  of  maohinery,  the  load  or  renatuioe  k 
■abject  to  continual  fluctuation. 

In  mills,  a  multiplicity  of  parts  are  liable  to  be  ocoMJonallj  and 
irregularly  disenga^,  and  to  have  their  operationa  aospended.  In 
large  factories  for  spinning,  printing,  dyeing,  &o.|  a  great  number  of 
separate  spinning  machines,  looms,  presses,  and  o£er  engines,  an 
usually  driven  by  a  common  power,  such  as  a  water-wheel  or  a  steam- 
engine.  In  such  cases,  the  number  of  machines  worked  ai  the  same 
time  must  necessarily  vary  according  to  the  employment  supplied  to 
the  factory,  and  to  the  fluctuating  demand  for  the  articlea  pirodaeei 
Under  such  circumstances,  the  velocity  with  which  the  mackinerr  ii 
moved  would  suffer  corresponding  changes,  increasing  with  each  duni- 
nution,  and  being  retarded  with  each  increase  of  the  reaiatanee. 

507.  When  the  variation  of  the  power  h  not  propariional  la  (he 
variation  of  the  renetanee.  —  In  many  eases,  the  variation  of  llw 
power  and  the  variation  of  the  resistance  are  both  from  their  ooodi- 
tions  inevitable,  and  yet  a  uniform  eflect  is  indispensable.  It  is  evi- 
dent that  this  can  only  be  insured  by  a  class  df  eontrivanoea  which 
have  for  their  object  to  proportion  the  power  to  the  lefflstanee,  bj 
either  causing  a  diminution  or  increase  of  resistance  to  diminish  or 
augment  the  supply  of  power ;  or,  on  the  other  hand,  by  caiuing  the 
variation  of  the  power  to  act  in  a  corresponding  manner  upon  tho 
resistance  or  load. 

In  a  word,  uniformity  of  action  in  machinery  can  only  be  insured 
by  providing  means  by  which  the  power  and  the  resistance,  no  matter 
what  be  their  respective  variations,  shall  always  be  proportional  to 
each  other. 

Whenever  the  power  is  less  than  that  which  is  in  equilibrium  with 
the  resistance,  the  motion  will  be  retarded,  and  if  this  condition  oon- 
tinuo  it  will  ultimately  stop ;  and  whenever  the  power  is  greater  than 
that  determined  by  the  condition  of  equilibrium,  the  motion  will  be 
accelerated,  and  if  this  condition  should  continue,  the  aooeleradon 
would  continue  until  the  machine  would  be  destroyed  by  its  own 
momentum. 

508.  When  the  effect  of  the  power  is  unequally  trantmiited  to  the 
resistance.  —  There  is  scarcely  any  machine  in  which  the  energy  of 
the  power  is  transmitted  uniformly  to  the  resistance  in  all  the  phases 
of  the  mechanism.  In  all  machines  the  moving  parts  assume  m  suo- 
cession  a  variety  of  positions,  in  each  of  which  their  effect  to  trans- 
mit the  power  to  the  resistance  is  different ;  and  thus  the  effective 
energy  of  the  machine  in  acting  against  the  resistance  is  subject  to 
uoDtinual  fluctuation.  It  is  not  easy  to  convey,  without  numerous 
examples,  a  general  idea  of  those  causes  of  inequality  to  those  who 
arc  not  fJEuuiliar  with  machinery.     It  will,  however,  be  more  okarij 

224 


RBOULATION  OF  FORCS. 


1  when  we  oome  to  explain  the  methods  of  eqnaliiiiig  the 
the  power  and  the  reaistaDce. 

'eg^daiors^  the  general  principle  of  their  aetion. — ^The  class 
anoes  which  have  for  their  object  to  render  the  power  and 

proportionate  to  each  other  are  called  regulators.  They 
aet  upon  that  point  of  the  machine  which  commands  the 

the  power  bj  means  of  some  mechanical  contrivances, 
>ek  the  qnantitj  of  the  moving  principle  conveyed  to  the 
rhenever  the  motion  becomes  accelerated,  and  increase  the 
lenerer  it  becomes  retarded. 

iter-wheel,  for  example,  this  is  accomplished  by  acting  upon 
le,  in  a  wind-mill  by  the  adjustment  of  the  sails,  and  in  a 
;ine  by  acting  on  a  valve  called  the  throttle  valve  placed  in 

pipe,  through  which  steam  flows  from  the  boiler  to  the 

rhe  governor. — One  of  the  most  interesting  and  instmctive 
examples  of  this  class  of  con« 
trivanccs  is  called  the  governor. 
This  expedient,  which  was  lon^ 
used  to  regulate  mill  work  ana 
other  machinery,  owes  its  beau- 
tiful adaption  to  the  steam-en- 
fine  to  the  ingenuity  of  Watt, 
t  consists  of  two  heavy  balls, 
B  B,  Jig,  143.,  attached  to  the 
extremities  of  rods  B  F  jointed 
atE,  and  passing  through  a  mor- 
tice in  the  vertical  stem  D  d'. 
the  balls  B  are  driven  from  the  axis  by  the  centrifugal  force 
om  their  rotation,  their  upper  arms  E  v  are  caused  to  in- 
dr  divergence  in  the  same  manner  as  the  blades  of  a  scissors 
id  by  separating  the  handles.  These  acting  upon  the  ring 
ans  of  the  short  limbs  F  H  draw  it  down  the  vertical  axis 
wards  E.  A  contrary  effect  is  produced  when  the  balls  B 
;ht  closer  to  the  axis,  and  the  divergence  of  the  rods  B  E 
d.  A  horizontal  wheel  w  is  attached  to  the  vertical  axis 
;ng  a  groove  to  receive  a  rope  or  strap  upon  its  rim.  This 
«s  round  the  wheel  or  axis,  by  which  motion  is  transmitted 
achinery,  to  be  regulated  so  that  the  spindle  or  shaft  D  d' 
(ways  made  to  revolve  with  a  speed  proportionate  to  that  of 
inery. 

i  shaft  D  d'  revolves,  the  balls  B  are  carried  round  it  with  a 
DOtion,  and  consequently  acquire  a  centrifugal  force  which 
em  to  recede  from  the  axle,  and  therefore  to  depress  tha 
On  the  edge  or  rim  of  this  ring  is  formed  a  groove,  which 
wi  bjr  the  prongB  of  a  fork  I  at  the  extremity  of  oixe  ana 
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of  a  lever  whose  falomm  is  at  o.  The  eztremily  K  of  die  other  mi 
18  connected  by  some  means  with  the  part  of  the  nuohioe  which  la^ 
plies  the  power.  In  the  present  instance  we  shall  auppoae  it  a  ateaii- 
engine ;  in  which  case  the  rod  K I  communicates  with  a  flat  drenls 
valve  V  placed  in  the  principal  steam  pipe,  and  to  arranged  thai  wh« 
K  is  elevated  as  far  as  by  their  divergence  the  balls  b  have  powv 
over  ity  the  passage  of  the  pipe  will  be  dosed  by  the  valve  V,  and  tin 
passage  of  steam  entirely  stopped;  and,  on  the  other  hand,  when  the 
balls  subside  to  their  lowest  position,  the  valve  will  be  presented  with 
its  edge  in  the  direction  of  the  tube,  so  as  to  interrupt  no  part  of 
the  steam. 

The  property  which  renders  this  instrument  so  well  adapted  to  ito 
purpose  is,  that  there  is  but  one  velocity  at  which  the  baUa  can  re- 
main in  equilibrium. 

When  the  instrument  is  constructed,  and  adapted  to  the  maehioflry 
to  which  it  is  intended  to  be  applied,  the  weight  and  proportion  of  ill 
parts  are  adapted  to  particular  velocities,  wiSi  which  the  m^^hin*  ii 
to  be  moved.  Whenever  the  velocity  becomes  greater  than  that,  the 
balls  recede  from  the  axis,  the  arm  i  is  drawn  down,  the  valve  v  ii 
closed,  and  the  supply  of  the  moving  power  diminished.  The  in- 
crease of  velocity  is  thus  stopped,  and  the  movement  is  reduced  to  iti 
normal  rate,  at  which  it  continues,  the  balls  maintaining  their  in- 
creased distance  from  the  axis.  Whenever,  on  the  other  hand,  the 
velocity  is  diminished,  the  centrifugal  force  being  also  diminished,  the 
balls  fall  nearer  the  axis ;  the  arm  i  is  raised,  and  the  valve  T  ii 
opened,  so  that  an  increased  supply  of  the  moving  power  la  produced, 
and  the  tendency  to  retard  the  movement  is  checked. 

When  the  governor  is  applied  to  a  water-mill,  it  is  made  to  eel 
upon  the  shuttle  through  which  the  water  flows,  and  to  limit  iti 
quantity,  in  the  same  manner  as  above  described.  When  it  is  ap* 
plied  to  a  wind-mill,  it  regulates  the  sails  through  the  aame  prineipki 

The  governor  may  also  act  upon  the  resistance,  so  as  to  aocomnuh 
date  it  to  the  varying  energy  of  the  power. 

This  is  sometimes  done  in  corn-mills,  where  it  acts  upon  the  shut- 
tle that  metes  out  the  corn  to  the  mill-stones. 

511.  The  pendulum  of  a  clock  and  balance-wheel  of  a  loaleA.— 
Of  all  the  regulators  used  in  machinery,  those  which  are  moat  £inu- 
liar  are  the  pendulum  and  balance,  used  in  clock  and  watoh-woi^ 
These  contrivances  have  the  property  of  always  making  their  vibra- 
tions in  the  same  time,  no  matter  what  be  the  length  of  the  arci 
through  which  they  swing,  limited,  however,  as  these  arcs  are  in 
practice. 

The  moving  power,  in  a  common  clock,  is  that  of  a  descending 
weight,  which  keeps  in  revolution  a  wheel,  the  motion  of  which  ii 
imparted  through  a  series  of  other  wheels,  working  ono  in  anotheri 
ik»  the  hands  which  move  on  the  dial  plate.    Now,  if  no 
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I  fwnitfvraa^  die  morement  imparted  to  the  hands  would,  in  this 
•i^fce  1  mjomlj  accelerated  motion,  that  being  the  motion  which 
[  #>*>!f  iMJdfoptrt  (0  the  descending  weight;  but  this  is  prevented 
yflingaiitjog  power  of  the  pendulum  acting  on  a  wheel  called 
■Mpeoent  Connected  with  the  upper  end  of  the  pendulum 
'K*  I  snail  apparatus,  furnished  with  two  teeth,  or  projecting 
P'^  tUeli  fiJl  alternately  between  the  teeth  of  a  wheel  called  the 
*!*»fltf  wheel,  the  intervals  of  their  action  corresponding  with 
^  nbntkia  of  the  pendulum.  This  escapement  wheel  is  itself  ' 
^PfU  by  the  moving  power  of  the  descending  weight ;  but  it  is 
^alij  stopped  by  the  action  of  the  two  pins  moved  by  the  pcn- 
iha  jast  mentioned. 

Ik  balance-wheel  of  a  watch  renders  uniform  the  effect  of  tlio 
fft^'og,  in  precisely  the  same  manner. 

\e  main-spring,  which  is  the  moving  power  in  this  case,  consists 
atroDg  spiral  spring,  which  is  coiled  up  to  its  highest  tension 
I  the  watch  is  wound  up.  It  drives  a  wheel,  the  motion  of  which 
parted  through  a  succession  of  other  wheels  to  the  hands.  The 
meot  thus  imparted  to  the  hands  would  be  subject  to  all  the 
ioo  of  the  relaxing  force  of  the  spring,  were  it  not  for  the  inter- 
90  of  the  regulating  effect  of  the  balance-wheel,  which  acts  in  a 
er  precisely  similar  to  the  pendulum  just  described. 
I.  The  water  regulator,  —  Another  expedient  sometimes  used 
e  regulation  of  the  movement  of  machinery,  is  the  water  regu- 
This  consists  of  a  small  pump,  worked  by  the  machine  which 
be  regulated,  and  which  throws  water  into  a  reservoir,  from 
it  flows  by  a  pipe  of  given  magnitude.  When  the  water  is 
cd  up  with  the  same  velocity  as  that  with  which  it  is  discharged 
t  pump,  the  level  of  the  water  in  the  reservoir  will  remain  sta- 
t;  if  more  is  pumped  up  than  is  discharged,  the  level  will  rise; 
r  less,  it  will  fall. 

is  evident,  therefore,  that  every  fluctuation  in  the  velocity  of  the 
Ine  will  be  indicated  by  the  rising  or  falling  of  the  level  of  the 
*  in  the  cistern ;  and  that  this  level  never  can  remain  stationary, 
it  when  the  machine  has  that  exact  velocity  which  supplies  the 
it  J  of  water  discharged  by  the  pipe.  This  pipe  may  be  so  ad- 
d  as  to  discharge  the  water  at  any  required  rate,  and  thus  tbc 
n  may  be  adapted  to  indicate  a  constant  velocity  of  any  pro- 
1  amount 

the  cistern  be  constantly  watehed  by  an  attendant,  the  velocity 
e  machine  may  be  abated  when  the  level  of  the  water  is  ob- 
d  to  rise,  or  increased  when  it  falls,  by  regulating  the  power ; 
bit  is  done  much  more  effectually  and  regularly  bv  causing  the 
DO  of  the  water  itself  to  perform  the  duty.  A  float,  or  large 
w  metal  ball,  is  pkced  upon  the  surface  of  the  water  lu  th^ 
D.    Thh  btdl  MS  connected  with  a  iever  acting  upon  Bome  ^t\ 
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of  the  machinery  which  controls  the  power  or  regulates  tlf  ]yb^ 
of  resistancei  as  already  explained  in  the  case  of  the  eovernor^  fil^^ 
the  level  of  the  water  rises,  the  buoyancy  of  the  baU  causes  {  u$  t^ 
rise  with  a  force  equal  to  Uie  difference  between  its  own  ^^  M^ 
the  weight  of  as  much  water  as  it  displaces.  By  enhu^ng  ^^^f^ 
Ing  ball  a  force  may  be  obtained  sufficiently  great  to  move  thai*  ^^^ 


of  the  machinery  which  act  upon  the  power  or  resistance,  *^^j^^ 
cither  to  diminish  the  supply  of  the  moving  principle,  or  to  incn^^^ 
the  amount  of  the   resistance,  and  thereby  retard  the  motioD  ^^ 


reduce  the  velocity  to  its  proper  limit.  ^^^ 

When  the  level  of  the  water  in  the  cistern  falls,  the  floating  v^ 
being  no  longer  supported  on  the  liquid  surface,  descends  with  tb^ 
force  of  its  own  weight,  and  producing  an  effect  upon  the  powero^ 
resistance  contrary  to  the  former,  increasing  the  effective  energf  of 
the  one  or  diminishing  that  of  the  other,  until  the  velocity  proper  to 
the  machine  be  restored. 

The  sensibility  of  these  rcguktors  is  increased  by  making  the  WKh 
face  of  water  in  the  cistern  as  small  as  possible,  for  then  a  mil 
change  in  the  rate  at  which  the  water  is  supplied  by  the  pamp  will 
produce  a  considerable  change  in  the  level  of  tho  water  in  Am 
cistern. 

Instead  of  using  a  float,  the  cistern  itaclf  may  be  suspended  fion 
the  lever  which  controls  the  supply  of  the  power,  and  in  this  one  a 
sliding  weight  may  bo  placed  on  the  other  arm  so  that  it  will  balnee 
the  cistern  when  it  contains  that  quantity  of  water  which  correspondi 
to  the  fixed  level  already  explained.  If  the  quantity  of  tho  water  in 
the  cistern  be  increitsed  by  an  undue  velocity  of  the  machine,  iha 
weight  of  the  cistern  will  preponderate,  draw  down  the  arm  of  the 
lever,  and  check  the  supply  of  the  power.  If,  on  the  other  hand,  the 
supply  of  water  be  too  small,  the  cistern  will  no  longer  balance  the 
counterpoise,  the  arm  by  which  it  is  suspended  will  be  raised,  and 
the  energy  of  the  power  will  be  increased. 

513.  Fusee  in  walchwork, — Tho  effect  of  a  power  of  variable 
energy  may  be  rendered  uniform  by  transmitting  it  to  the  working 
I>oint,  through  the  agency  of  a  leverage  of  corresponding  vaiiation 

so  regukted,  that,  in  the  same  pro- 
f[|  portion  as  the  power  diminishes  in 

, ti  energy,  the  leverage  shall  increase. 

and  vice  versti,     A  well-known  ex- 
ample of  this   occurs  in   the   con- 
struction of  certain  watches,  where 
Fig.  144.  the   moNing  power,  being  a  main- 

spring inclosed  in  a  barrel,  has  a 
gradually  diminished  energy  as  the  spring  is  relaxed.     The  chain  as 
it  is  discharged  from  the  barrel  is  coiled  upon  a  conical  spiral,  called 
«  fu!^'0,  rcpivscntQi\  in  Jig.  14  V.    T\i^  \cN<i,t«.^fe  V5  ^\iv^  tbe  force 
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«tt»^ B  tnunnitted,  being  tho  semi-diameter  of  the  fuaee,  and 
T*^a«iiieDciiig  from  the  top,  or  narrowest  end^  it  follows  that 
r^^Mgy  of  the  spring  is  greatest  the  leverage  is  least;  and 
*wcfcun eoils  npon  the  barrel  containing  the  spring,  and  is  dis- 
n^fimi  the  fusee,  the  radios  of  each  part  of  the  fusee  which 
^B^^  the  chain  gradoallj  increases.  The  form  of  the  fosce  is 
ifl&  tilt  t&is  increase  of  leyerage  is  in  the  exact  proportion  of  the 
VBwbed  force  of  the  spring. 

14.  When  the  efficacy  &f  the  machine  to  transmit  the  power  to 
wwhng  point  varies.  —  The  several  parts  of  a  machine  have 
in  penods  of  motion,  in  which  they  pass  through  a  variety  of 
30S,  returning  constantly  to  similar  positions  after  equal  inten'als. 
iie  different  positions  assumed  by  the  moving  parts  during  these 
I,  the  effect  of  the  power  transmitted  to  the  working  point  is 
at;  and  eases  even  occur  in  which  for  a  moment  this  effect  is 
her  interrupted,  and  the  machinery  is  then  in  a  predicament  in 
the  power  loses  all  efieet  npon  the  resistance.  The  consequence 
would  be,  that,  supposing  the  power  and  resistance  to  be  both 
9,  the  action  of  the  former  upon  the  hitter  would  be  subject  to 
cal  variation,  being  at  one  time  more  and  at  another  time  less 
ould  be  necessary  to  keep  the  whole  in  equilibrium. 
er  these  circumstances,  it  is  possible  to  suppose  that  the  move- 
if  the  machine  may  continue,  and  even  that  its  average  rate 
I  uniform ;  but  its  motion  would  be  subject  to  periodictu  varia- 
being  alternately  accelerated  and  retarded.  This  would  be 
d  not  only  with  an  injurious  effect  upon  the  work  produced  by 
bchine,  but  would  be  also  detrimental  to  the  machine  itself, 
moving  parts  would  be  subject  to  continual  starts  and  strains 
from  the  alternate  reception  and  destruction  of  momentum. 
.  Effect  of  a  crank.  —  To  render  these  general  observations 
learly  intelligible,  we  shall  take,  as  an  example,  the  action  of 
aon  crank,  used  in  steam-engines  and  many  other  machines, 
rank  is  nothing  more  than  a  double  winch.  It  is  represented 
complete  with  both  its  arms  in  Jig.  145.  At- 
tached to  the  middle  of  c  d,  by  a  joint,  is  a 
rod,  which  is  tho  means  of  imparting  the  effect 
of  the  power  to  the  crank.  This  rod  is  driven 
by  an  alternate  motion  like  the  brake  of  a 
pump.  The  bar  c  D  is  carried  with  a  circukr 
motion  round  the  axis  A  r. 

Let  the  machine  viewed  in  tho  direction 

ABEF  of  the  axis  be  conceived  to  be  rcpre- 

in  J^.  146.,  where  A  represents  the  centre  round  which  tho 

is  to  be  produced,  and  o  the  point  where  the  connecting  rod 

attached  to  the  arm  of  the  crank.     The  circle  tbrouf^  ^Vikhk 

h0  ioged  bf  the  rod  MM  repreeeDtedhj  iik9  dotted  Um.    ln^^ 
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position  represeDted  in  jig.  146.,  the  rod  leting  in  the  dinetkni  HV  '^ 

has  its  full  power  to  turn  the  crank  o  A  roand  the  oentze  A.     As  th  ?b 
erank  comes  into  the  position  represented  in  jig,  I47.|  this  powv  ■ 

dimiuishcd,  and  when  the  point  o  comes  immediately  below  A,  as  ■  - 

jig.  148.^  the  force  in  the  direction  H  o  has  no  eflfect  in  turning  As  _ 


Fig.  146. 


Fig.  147. 


Fig.  148. 


crank  round  A,  but,  on  the  contrary,  is  entirely  expended  in  poDiig 
the  crank  in  the  direction  o  A,  and  therefore  only  acts  on  the  pmU 
or  gudgeons  which  support  the  axle. 

At  this  crisis  of  the  motion,  therefore,  the  whole  efieotiTe  energj 
of  the  power  is  annihilated. 

After  the  crank  has  passed  to  the  position  represented  in  jig.  149.| 
the  direction'  of  the  force  which  acts  upon  the  connecting  rod  ■ 
changed,  and  now  the  crank  is  drawn  upward  in  the  direction  OH. 
In  this  position  the  moving  force  has  some  efficacy  to  produce  rotatkn 
round  A,  which  efficacy  continually  increases  until  the  crank  attuns 
the  positioD  shown  in  Jig.  150.,  when  its  power  is  greatest  Passing 
from  this  position  its  efficacy  is  continually  diminished  until  the  point 
a  cuiiics  immediately  above  the  axis  A,  jig,  151.     Here  again  the 


Fig.  149. 


Fig.  150. 


power  loses  all  its  efficacy  to  turn  the  axle.  The  force  in  the  direc- 
tioo  G  H  or  n  o  can  obviously  produce  no  other  cffiK^t  than  a  strain 
upon  the  pivots  or  gudgeons. 

It  will  be  evident  from  this  that  the  action  of  the  power  transmitted 
to  the  working  point  G  is  very  variable.  At  the  dead  points  repre- 
sented in  ^5.  148.  and  151.,  the  noachine,  if  depending  solely  upon 
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the  moving  power,  mtut  come  to  rest,  for  at  both  points  the  whole 
flfefi  of  the  power  would  be  exerted  in  producing  pressure  on  the 
•xle  and  gudgeons  of  the  crank.  Through  a  small  space  at  cither 
■de  of  those  dead  points,  the  effect  transmitted  to  o,  though  not 
thnlatelj  nothing,  is  almost  evanescent,  so  that  it  may  be  considered 
that  through  a  small  arc  at  either  side  of  each  of  the  dead  points  the 
nachine  is  still  inert. 

It  must^  however,  be  considered,  that,  in  virtue  of  its  inertia,  the 
Bkotion  which  the  machinery  had  previously  to  its  arrival  at  it^s  dead 
points  has  a  tendency  to  continue ;  and  if  the  resistance  of  the  load 
ud  the  effects  of  friction  be  not  too  great,  this  disposition  to  preserve 
iU  iitate  of  motion  will  extricate  the  machinery  from  the  mechanical 
£leaima  in  which  it  is  involved  in  these  cases  by  the  particular  dis- 
position of  its  parts.  Although,  however,  the  motion  will  not  thero- 
fm,  be  actually  suspended,  on  the  arrival  of  the  crunk  at  the  dead 
poiatB,  it  will  be  greatly  retarded ;  and,  on  the  other  hand,  when  the 
fumr  acquires  its  greatest  activity,  as  it  does  in  the  position  reprc* 
nted  in  figs.  14G.,  150.,  it  will  be  unduly  accelerated. 

516.  Rfgnlaling  rffeei  of  a  fiy-wheel.  —  These  irregularities  are 
a^iied  by  fixing  upon  the  axis  of  the  crank,  or  at  any  other  con- 
Tcoient  part  of  the  machine,  a  fly-wheel,  which  is  a  mo-ssive  ring  of 
wtal,  connected  with  a  central  box  or  nave,  by  comparatively  light 
^nkes,  and  turning  on  an  axis  with  but  little  friction.  If  any  force  be 
Implied  to  it,  with  that  force,  making  some  slight  deduction  for  fric- 
tioD,  it  will  move  and  will  continue  to  move  until  some  obstacle  retard 
iti  which  obstacle  will  receive  from  it  as  much  force  as  the  fly-wheel 


The  effect  of  such  a  wheel  applied  to  the  parts  moved  by  the 
cnnk  will  equalize  the  inequality  which  has  just  been  des<^*ribed. 
When  the  crank  assumes  the  position  represented  in^^r*.  14G.,  150., 
vhere  the  power  has  full  play  upon  it,  the  effect  of  the  power  is 
partly  tninsmitted  to  the  machine,  and  partly  received  by  the  move* 
ibic  rim  of  the  fly-wheel,  to  which  it  imparts  increased  momentum. 
Tbere  is  here,  it  is  true,  an  acceleration  of  the  motion,  but  one  which 
19  comparatively  small,  inasmuch  as  the  great  mass  of  the  fly-wheel 
receives  the  momentum  without  sensible  increase  of  speed.  When 
the  crank  gets  into  the  predicament  represented  at  the  dead  points 
fg$.  148.,  151.,  the  momentum  of  the  fly-wheel,  received  when  the 
ersink  acted  with  most  advantage,  immediately  conveys  its  force  to  the 
Working-point  o,  extricates  the  machine,  and  carrying  the  crank  out 
of  the  neighbourhood  of  the  dead  point,  brings  the  power  again  to 
bear  upon  it 

517.  Methods  of  augmenting  or  Mitigating  the  energy  of  the  mov- 
ing power.  —  It  happens  frequently  in  the  practical  application  of 
ttachinery,  that  the  moTing  power  ii  much  too  intense^  or  much  too 


282  THiJORY  or  MACHINEKr 

feeble,  for  the  resiEtanoc ;  mid  in  the  oo^  caae  contrivances  are  n> 
quired  bj  which  it  may  be  grejitly  cttt^^nuated,  and  in  t^c  other  hy 
which  it  may  be  grc^itly  augmented. 

518.  Case  of  watdtwork  moved  6^  a  main-spring.  —  In  the  ca« 
of  watch-work,  the  resistance  to  be  overcome  is  Dothinc  more  tbn 
that  presented  by  the  hands  which  move  upon  the  dial  plate.  In 
t  this  case  the  moving  power  is  the  force  of  the  fingers,  by  which  onee 
in  twenty-four  hours  the  main-spring  is  wound  up.  The  main-epring 
itself  must  be  regarded,  in  this  case,  as  a  mere  depoaitory  far  the 
power  exerted  in  winding  up  the  watch,  and  not  as  a  prime  morer. 
The  force  which  is  thus  deposited  once  in  twenty-four  hours  in  the 
main  spring  is  delivered  gradually  and  regularly,  by  such  spring,  to 
the  fuseC;  and  transmitted,  through  the  system  <^  wheels,  to  the 
hands. 

In  the  case  of  clocks  moved  by  main-springs  instead  of  a  weighty 
this  attenuation  of  the  moving  power  is  still  more  extensive.  TlMse, 
being  wound  up,  will  frequently  go  for  fifteen  days.  In  this  cim, 
therefore,  the  mechanical  force  exerted  by  the  hand  in  windiof 
them  up,  and  which  is  developed  in  loss  than  a  minute,  iff  spretd 
over  UTtecn  times  twenty-four  hours  by  the  mechanism  of  the 
clock. 

619.  Case  of  clockwork  moved  hy  a  weight. — In  the  case  d 
clocks  which  go  by  weight,  the  original  moving  force  is  also  the  ap- 
plication of  the  human  hand  in  winding  up  the  weight.  The  weight 
being  lifted  a  height  of  three  or  four  feet,  descends  slowly  through 
the  same  height,  imparting  its  descending  force  gradually  and  regu- 
larly to  the  clockwork.  In  this  case,  therefore,  the  descending  foroe 
of  a  weigiit  through  a  small  height  is  so  attenuated  as  to  impart 
a  motion  to  the  hands  which  will  continue  sometimes  for  a  month  or 
longer. 

5*20.  Cases  in  which  the  energy  of  the  power  is  avgmenUd,  — 
It  is  frequently  required,  on  the  contrary,  to  impart  to  the  resistance 
a  force  vastly  greater  in  intensity  than  the  moving  power.  Nume^ 
ous  examples  of  this  have  been  already  given  in  illustrating  the  nmple 
machines.  In  all  cases  where  the  leverage  of  the  power  is  greater 
than  the  leverage  of  the  resistance,  there  will  be  an  augmented  in- 
tensity of  mechanical  action  in  the  same  proportion ;  and  this  inten- 
sity, by  combining  levers  or  other  simple  machines^  may  be  ang- 
men  ted  without  any  practical  limit. 

•  521.  Analysis  of  tfie  action  of  hammers,  sledges^  4rc.  — -But  in 
some  cases  a  force  is  required  more  intense  than  can  be  obtained  ensk 
by  these  means.  In  such  cases,  it  becomes  necessary  to  oonveit  the 
continued  agency  of  the  moving  power  into  one  which  acta  instantly 
and  by  intermission.  If,  for  example,  it  be  required  to  oanse  a  n^ 
to  penetMte  a  beam  of  wood,  we  should  attempt  in  vain  to  aesoB* 
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diaix  thisy  bj  producing  any  pressure,  however  great^  on  the  head  of 
He  nail.  A  tew  blows  of  a  hammer,  nevertheless,  easily  effect  this. 
ft  this  case,  the  moving  power  is  the  hand,  or  other  force  which 
tanes  the  hammer.  The  mass  of  the  hammer,  in  falling  on  the  head 
€f  the  nail,  imparts  instantlv  to  the  nail  the  entire  force  which  was 
cierted  in  lifting  it,  but  with  this  difference,  that  such  force,  in  ruis- 
iBg  tue  hammer,  was  developed  in  a  certain  definite  time,  whereas  it 
■  diacnarged  upon  the  head  of  the  nail  in  an  instant. 

The  same  observations  apply  to  all  cases  in  which  percussion  is 
ued.  In  all  these  cases  the  force  is  developed  in  a  definite  time, 
\n\  is  discharged  upon  the  resistance  in  an  instant. 

522.  'I^e  pile  engine,  —  The  pile  engine,  in  which  heavy  wc]<;ht.s 
ne  rused  to  a  certain  height  by  the  moving  power,  as  represented  in 
fg.  152.,  and  let  fall  upon  the  heads  of  the  piles  to  be  driven,  pre- 
Kots  an  example  of  this.  The  entire  force  exerted  in  raising  the 
tdght  is  di!«cUarged  instantly  on  the  head  of  the  pile  the  moment 
the  descend]  ug  weight  strikes  it. 


u 

Fig.  152. 


Fig.  153. 


523.  Tht  sledge-hammer.  —  The  sledge-hammer  used  in  forging 
inm  presents  another  example  of  this.  The  hammer  is  raised  by 
machinery  through  the  intervention  of  various  mechanical  expedients, 
nch,  for  example,  as  that  represented  in  Jig.  153.,  where  it  is  elc- 
nted  by  teeth  a,  called  cams  or  wipers,  attached  to  a  wheel,  which 
press  down  one  arm  of  the  lever  c  to  which  the  sledge  is  attached, 
tod  ruse  the  other.  When  the  wiper  passes  it,  the  sledge  falls  upon 
the  anvil  with  the  full  weight. 

524.  Inertia  wpplies  means  of  accumulating  force.  —  In  some 
eues  where  a  severe  instantaneous  action  is  required,  the  moving 
power  b  accumulated  by  means  of  the  inertia  of  matter.  A  mass  of 
matter  retains  by  virtue  of  its  inertia  the  whole  amount  of  any  force 
which  may  be  given  to  it^  except  that  part  of  which  friction  and  the 
timospbexic  reastaDce  deprives  it 

SO*  2fti 
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To  render  this  method  of  aooumnktinff  force  intellinbie,  let  u 
first  imagine  a  polished  level  plane,  on  which  a  heavy  globe  oif  metal, 
also  polished,  is  placed.  It  is  evident  that  the  glohe  will  remain  tt 
rest  on  anj  part  of  the  plane  withoat  a  tendency  to  move.  Suppose, 
then,  a  slight  impulse  be  given  to  it^  which  will  cause  it  to  more 
with  any  given  velocity,  for  example,  three  feet  per  second. 

It  will  then  continue  to  move  with  this  velocity  for  any  length  of 
time,  except  so  for  as  it  may  be  impeded  by  the  leastanoe  idieadj 
mentioned. 

Let  us  then  imagine  a  second  impulse  given  to  it  equal  in  force  to 
the  former :  this  will  increase  its  velocity  to  six  feet  per  second ;  a 
third  impulse  will  augment  it  to  nine  feet  per  second,  and  so  on. 
Now  there  is  no  limit  to  the  number  of  impulses  which  may  be  sne- 
cessively  given  to  the  moving  body,  provided  only  space  were  given 
for  its  motion.  Thus,  ten  thousand  repetitions  of  the  impulse  wonM 
make  the  body  move  at  the  rate  of  thirty  thousand  feet  a  second. 
If  the  body  to  which  these  impulses  were  transmitted  were  a  cannon- 
ball,  it  might,  by  the  constant  application  of  a  feebly  impelling  force, 
be  made  to  move  at  length  with  as  much  force  as  if  it  were  impelled 
from  a  powerful  piece  of  ordnance.  The  force  with  which  such  a 
ball  would  strike  a  buttress  might  be  sufficient  to  reduce  it  to  rnins; 
and  yet  such  force  may  be  nothing  more  than  the  accamulation  of  a 
number  of  feeble  forces,  not  beyond  the  power  of  a  child  to  exert, 
which  are  stored  up  and  preserved  in  the  moving  mass,  xmd  then 
brought  to  boar  at  the  same  moment  on  the  resistance  against  which 
the  force  is  directed.  It  is  the  same  for  any  number  of  actions  ex- 
ertcd  successively  and  during  a  long  interval,  brought  into  operation 
at  one  and  the  same  moment. 

I^ut  the  case  here  supposed  cannot  actually  occur,  because  we  have 
not  in  general  practical  means  of  moving  a  body  for  a  considerable 
time  in  the  same  direction,  without  much  friction,  and  without  en- 
countering other  obstacles  which  would  impede  its  progress.  If,  how- 
ever, a  leaden  ball  be  attached  to  the  end  of  a  string  and  whirled 
rapidly  round,  a  great  force  would  be  given  to  it,  and  it  will  strike  a 
board  with  such  intensity  as  to  penetrate  it. 

525.  Eject  of  weapon  called  life-preserver^  ^oils^  ifc.  —  A 
weapon  called  a  life-preserver  consists  of  a  piece  of  lead  sometimei 
attached  to  the  end  of  a  piece  of  cane  or  whalebone,  with  which  a 
blow  may  be  given  with  great  force. 

Innumerable  examples  of  the  application  of  this  principle  will 
present  themselves  to  every  mind.  Flails  used  in  threshinc,  dubs, 
canes,  whips,  and  all  instruments  used  for  striking,  axes,  hatchets, 
cleavers,  and  all  instruments  which  act  by  a  blow,  present  examples 
of  this  principle. 

626.  Loaded  lever  of  screw-press, — ^Where  very  intense  fixree  k 
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required;  as,  for  example,  in  certain 
-jY^^  presses,  two  heavj  balls  are  attached 
\^  to  the  ends  of  a  horizontal  leirer  a  b, 
with  equal  arms,  Jig.  154.  This 
leTer  works  a  screw,  at  the  lower  end 
of  which  is  the  working  point.  'A 
rapid  motion  is  imparted  to  the  balls 
by  the  hand,  and  the  working  point 
is  driven  against  the  resistance  by  the 
accumulated  momentum  acquired  by 
the  balls,  augmented  by  the  leverage 

of  the  arms  to  which  they  are  attached,  and  the  mechlinical  force  of 

the  serew. 

527.  TTiis  4Ucumulaiion  of  force  inoohes  no  paradox. — The  sur- 
prising effects  produced  by  the  accumulation  of  force  are  apt  to  lead 
to  erroneous  suppositions,  that  instruments  thus  acting  by  inertia 
have  the  effect  dT  actually  augmenting  the  amount  of  moving  power. 
When  the  quality  of  inertia,  however,  is  rightly  understood,  such  an 
error  cannot  occur.  The  instruments  by  which  force  is  thus  accumu- 
lated, 80  far  from  augmenting  the  effect  of  the  moving  power,  must 
to  some  extent  diminish  it;  inasmuch  as  they  are  liable  to  friction 
and  atmospheric  resistance,  by  which  more  or  less  force  is  intercepted. 
An  accumulator  of  force,  wljatevcr  be  its  form,  can  never  have  more 
force  than  has  been  applied  to  put  it  in  motion.  Whether  it  bo  a 
fiilling  weight,  a  revolving  mass,  a  string  which  is  coiled  up,  or  air 
which  is  condensed,  it  cannot  develop  a  greutcr  amount  of  force  than 
that  which  is  imparted  in  raising  it  if  it  be  a  weight,  in  putting  it  in 
motion  if  it  be  a  moving  mass,  in  winding  it  up  if  it  be  a  string,  or 
in  compressing  it  if  it  bo  air.  The  only  difference  between  the 
power  which  is  impart^  to  these  agents,  and  the  effects  which  they 
produce  respectively  upon  the  resistance,  is  in  the  time  during  which 
the  effects  are  developed.  The  power  is  in  general  imparted  slowly, 
while  the  effects  are  produced  instantaneously. 

528.  Rolling  and  punching  mills — effect  of  fly-whceh. — Mills  for 
rolling  metals,  or  for  punching  boiler  plates,  supply  striking  examples 
of  this.  The  water-wheel,  or  steam-engine,  or  whatever  other  power 
be  used,  is  allowed  for  some  time  to  act  upon  the  fly-wheel  alone,  no 
load  being  placed  upon  the  machine.  When  a  sufficient  momentum 
has  been  imparted  to  the  mass  of  metal  forming  the  fly-wheel,  the 
metal  to  be  rolled  or  pierced  is  submitted  to  the  machine,  and  is  im- 
mediately flattened  or  perforated  by  it,  depriving  at  the  same  time  the 
fly-wheel  of  a  corresponding  quantity  of  its  momentum. 

In  the  same  manner,  a  force  may  be  obtained  by  the  arm  of  a  man 
acting  on  a  fly  for  a  few  seconds,  sufficient  to  impress  an  image  on  a 
piece  of  metal  by  an  instantaneous  stroke.     The  fly  is  therefore  t^« 


principal  agent  in  coining-presses. 
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Some  prcraes  used  in  coining  have  flies  with  arms  four  'feet  lon^ 
beunng  a  hundred  weight  at  each  of  their  extremities.  If  rach  a 
Telocity  be  imparted  to  such  an  arm  that  it  shall  make  one  revolntioa 
per  second,  the  die  will  be  driven  against  the  metal  with  the  sanie 
force  as  that  with  which  3}  tons  would  fall  from  the  height  of  16 
feet,  which  is  an  enormous  power  if  the  simplicity  and  oompactnen 
of  the  machine  be  considered. 

520.  Position  of  the  Jly-wheeL  —  The  place  to  be  aaugned  to  % 
fly-whccl  relatively  to  the  other  parts  of  the  machinery  is  determined 
by  the  purpose  for  which  it  is  used.  If  it  be  intended  to  equalise 
the  action,  it  should  be  near  the  working  point.  Thns^  in  a  stetm- 
engine,  it  is  placed  near  the  crank  which  turns  the  axle,  by  which  the 
power  of  the  engine  is  transmitted  to  the  object  it  is  finally  dengned 
to  affect  On  the  contrary,  in  hand-mills,  such  as  those  oommonlf 
used  for  grinding  coffee,  &c.,  it  is  placed  upon  the  axis  of  the  winch 
by  which  the  machine  is  worked. 

530.  Method  of  cutting  open-work  in  metal,  —  The  open-work  of 
fenders,  firc-gratoti,  and  similar  ornamental  articles  constructed  it 
metal,  is  produced  by  the  action  of  a  fly  in  the  manner  already  de- 
scribed. 

The  cutting  tool,  shaped  according  to  the  pattern  to  be  executed, 
is  attached  to  the  end  of  the  screw,  and  the  metal  being  held  in  s 
proper  position  beneath  it,  the  fly  is  made  to  urge  the  tool  downwards 
with  such  force  as  to  stamp  out  pieces  of  the  required  figure.  When 
the  pattern  is  complicated,  and  it  is  neccss:iry  to  preserve  with  exact- 
ncss  the  relative  situation  of  its  different  parts,  a  number  of  punches 
arc  im|)elled  together,  so  as  to  strike  the  entire  piece  of  metal  at  the 
same  instant,  and  in  this  manner  the  most  elaborate  open-work  * 
executed  by  a  single  stroke  of  the  hand. 

CHAP.  VIII. 

THE  PENDULUM. 

531.  Oscillation  of  a  pendvlous  mass.  —  Of  the  various  mechani- 
cal contrivances  comprised  in  the  class  of  expedients  called  regulators, 
by  far  the  most  important  is  the  pendulum.  A  pendulum  consists  of 
a  heavy  mass  attached  to  a  rod,  the  upper  extremity  of  which  rests 
upon  a  point  of  support  in  such  a  manner  as  to  have  as  little  firictioo 
as  possible.  Such  an  instrument  will  remain  at  rest  when  its  centre 
of  gravity  is  in  the  vertical  line  immediately  under  the  point  of  80t> 
pension  or  support  But  if  the  centre  of  gravity  be  drawn  from  tins 
poeitioD  on  either  side,  and  then  diaenfloiged,  the  instniment  will 
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fviitf  horiaGBtallj  fron  the  one  side  to  tbe  otlier  of  the  poidtion  in 
which  it  would  remain  at  rest,  the  centre  of  gravity  defieribing  alter- 
nately a  circular  aro  on  the  one  side  or  the  other  of  its  position  of 
rest  If  there  were  neither  friction  nor  atmospheric  resistance,  this 
motion  of  vibration  or  oscillation  on  either  side  of  the  position  of  equili* 
hrium  would  oontinue  for  ever ;  but  in  consequence  of  the  combined 
eJETecta  of  these  resistances,  the  distances  to  which  the  pendulum 
swings  on  the  one  side  and  on  the  other  are  continually  diminished, 
until,  after  the  lapse  of  an  interval,  more  or  less  protracted,  it  comes 
to  rest. 

532.  Isoehronism  of  the  pendulum.  —  It  is  related  that  Galileo, 
when  a  youth,  happening  to  walk  through  the  aisles  of  a  church  in 
Pisa,  ol^ved  a  chandelier  suspended  from  tlie  roof,  whose  position 
had  been  accidentally  disturbed,  and  which  was  consequently  in  a 
state  of  oscillation.  The  young  philosopher,  contemplating  the  mo- 
tion, was  struck  with  the  fact,  that  although  the  ranges  of  its  vibra- 
tion were  continually  diminished  as  it  approached  a  state  of  resf,  the 
times  of  the  vibration  were  sensibly  caual,  the  motion  becoming 
slower  as  the  number  of  the  oscillations  became  more  limited.  This 
led  Galileo  to  infer  that  property  of  the  pendulum  which  is  expressed 
by  the  word  isochranbtrif  in  virtue  of  which  the  vibrations,  whether 
in  longer  or  shorter  arcs,  are  performed  in  the  same  time. 

Although,  however,  as  we  shall  presently  show,  pendulums  possess 
this  property  when  the  arcs  of  vibration  are  very  small,  they  do  not 
continue  to  manifest  it  when  the  range  of  vibration  becomes  more 
considerable. 

533.  Analysis  of  the  vibration  of  a  pendulum.  —  To  simplify  the 
exposition  of  the  important  theory  of  the  pendulum,  it  will  be  con- 
venient, in  the  first  instance,  to  consider  it  as  composed  of  a  heavy 
mass  of  small  magnitude,  suspended  by  a  wire  or  a  string,  the  weight 
of  which  may  be  neglected.  Thus,  let  us  suppose  a  small  ball  of 
lead  suspended  by  a  fine  silken  string,  the  length  of  which  is  in- 
comparably greater  than  the  diameter  of 
the  leaden  ball.  Such  an  arrangement  is 
called  the  simple  pendulum, 

^^  ^)  fiS'  ^^^-y  ^  ^^  point  of 
suspension ;  let  6  B  be  the  fine  silken 
thread  by  which  the  ball  B  is  suspended, 
and  the  weight  of  which,  in  the  present 
case,  is  neglected.  Let  b  be  the  position  of 
the  ball  when,  in  the  vertical  under  the  point 
of  suspension  8.  In  that  position  the  ball 
would  remain  at  rest ;  but  if  wo  suppose  the 
ball  drawn  aside  to  the  position  A,  it  will,  if 
disengaged,  fall  down  the  arc  A  B,  of  which 
the  centre  is  8,  and  the  radius  the  length  of 
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tbe  string.  ArriviDg  at  D,  it  will  have  aoqiuxed  a  eertifai  vdodlf. 
which,  in  virtue  of  its  inertia,  it  will  have  a  tendency  to  retain,  iM 
with  this  velocity  it  will  commence  to  move  through  the  are  ba'. 
Supposing  neither  the  resbtance  of  the  atmosphere  nor  friction  to 
act^  the  ball  will  rise  through  an  are  B A'  equal  to  ba;  but  it 
will  lose  the  velocity  which  it  had  acquired  at  B,  for  it  is  evideat 
that  it  will  take  the  same  space,  ana  the  same  time  to  destroy, 
the  velocity  which  has  been  acquired,  as  to  produce  it  Thus,  tbs 
velocity  at  B,  being  acquired  in  fidling  through  the  aio  A  B,  will  be 
destroyed  in  rising  through  the  equal  arc  B  a'. 

Having  arrived  at  a',  the  ball,  being  brought  to  lest^  will  agun 
full  from  a'  to  B,  and  at  B  will  have  again  acquired  the  same  velodtj 
which  it  had  obtained  in  falling  from  a  to  B,  but  in  the  oontraiy  di- 
rection ;  and  in  the  same  manner  it  may  be  explained  that  this  Telo- 
city will  carry  it  from  B  to  A.  Having  arrived  at  A,  the  ball,  being 
agjiin  brought  to  rest.,  will  fall  once  more  from  A  to  B^  and  so  ikt 
motion  will  be  continued  alternately  between  A  and  A'. 

The  motion  of  the  pendulum  from  A  to  a',  or  from  a'  to  A,  is  edl- 
cd  an  oscillation^  and  its  motion  between  either  of  those  points  and 
B  is  cnllod  a  sonii-oscillation,  the  motion  from  B  to  A  or  from  B  to  a' 
being  culled  the  ascending  semi-oscillation,  and  the  motion  from  A  or 
a'  to  n,  the  descending  semi-oscillation. 

The  time  which  elapses  during  the  motion  of  the  ball  between  ▲ 
and  a'  is  called  the  time  of  one  oscillation. 

It  is  evident,  from  what  has  been  stated,  that  the  time  of  moving 
from  either  of  the  extremities  A  a'  of  the  arc  of  oscillation  to  the 
point  B,  is  half  the  time  of  an  oscillation. 

If,  instead  of  falling  from  the  point  a,  the  ball  had  fallen  from  the 
point  c,  intermediate  between  A  and  B,  it  would  have  then  oscillated 
between  c  and  c' ;  two  points  equally  distant  from  B,  and  the  are  of 
oscillation  would  have  been  c  c',  more  limited  than  A  A*. 

But  in  commencing  its  motion  from  c,  the  de(*livity  of  the  are 
down  which  it  fulls  towards  B  would  be  evidently  less  than  the  de- 
clivity at  a;  consequently,  the  force  which  would  accelerate  it,  conh 
menoing  its  motion  at  c,  would  be  less  than  that  which  would  aoccel- 
cmte  it,  commencing  its  motion  at  A.  The  ball,  therefore,  commencing 
its  motion  at  A,  would  be  more  rapidly  accelerated  than 'when  it 
commences  its  motion  at  C. 

The  result  of  this  is,  that,  although  the  arc  A  B  may  be  twice  as 
long  as  the  arc  c  B,  the  time  which  the  ball  takes  to  fall  from  A  to  B 
will  not  be  sensibly  different  from  the  time  it  takes  to  fall  from  c  to 
B,  provided  that  the  are  of  oscillation  A  B  a'  is  not  considerable. 

It  was  at  first  supposed,  as  we  have  just  stated,  that,  whether  the 
oscillations  were  longer  or  shorter,  the  times  would  be  absolutely  the 
.lame.  Aocuratel^f  speaking,  however,  this  is  not  the  case ;  bat  if  the 
total  extent  of  the  osdUation  a  a'  do  not  exceed  5*^  or  6^,  then  the 
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^"■Bitioii  IB  it  may  be  considered^  practically,  the  nine  as 
mtnm, 

^9aimmtal  vtrifieaiion  of  imfchronism.  —  This  important 
^7  be  easilj  experimentally  verified.  Let  two  small  leaden 
vpeoded  from  the  same  point  of  support,  bat  one  being  in 
^  tk  other,  so  that  in  oscillating  the  two  bolls  shall  not 
b  otber.  This  being  done,  let  one  of  the  balls  be  drawn 
not  of  rest  through  an  angle  less  than  3%  and  let  it  be  dis- 
It  will  oscillate  as  descri^  above.  Lot  the  other  boll  be 
from  its  point  of  rest  through  a  mach  less  angle,  and  let 
ngiffed  that  it  shall  commence  its  oscillation  at  the  same 
th  the  commencement  of  one  of  the  oscillations  of  the 

shorty  be  so  managed,  that  when  the  one  ball  is  at  A,  the 
le  at  0 ;  and  that  both  shall  commence  their  descending 
rds  B  at  the  same  moment.  It  will  be  then  found  that 
ions  will  be  synchronous  for  a  considerable  length  of 
B  to  say,  the  balls  will  arrive  at  a'  and  c',  respectively, 
instant;  and  returning,  will  simultaneously  arrive  at  a 
kively. 

case,  the  oscillation  of  the  ball  A  were  made  through  an 
great  as  10^ ;  that  is  to  say,  5''  each  side  of  the  vertical, 
•n  of  the  ball  o  being  made  through  an  arc  of  2^,  it 
nd  that  10,001  oscillations  of  the  latter  would  be  equal 
dilations  of  the  former,  so  that  the  actual  difference  be- 
times of  oscillation  would  not  exceed  the  ten  thousandth 
time. 

ntaining  power. — In  the  practical  application  of  the 
owever,  this  departure  from  absolute  isochronism,  small 
>mes  unimportant;  for  a  maintaining  power  is  always 
which  the  loss  of  motion  which  would  be  produced  by 
atmospheric  resistance  is  repaired,  and  the  magnitude  of 
ns  is  maintained  uniform. 

te  of  oscillation  independent  of  the  weight  of  the  pendur 
ght  be  expected  that  the  time  of  oscillation  of  different 
rould  depend,  more  or  less,  upon  the  weight  of  the  mat- 
ig  them,  and  that  a  heavy  body  would  oscillate  more 
a  lighter  one.  Both  theory  and  experience,  however, 
suit  to  be  otherwise.  The  force  of  gravity  which  causes 
m  to  oscillate  acts  separately  on  all  the  particles  com- 
itss ;  and  if  the  mass  be  doubled,  the  effect  of  this  force 
ilso  doubled ;  and,  in  short,  in  whatever  proportion  the 
pendulum  be  increased  or  diminished,  the  action  of  the 
ity  upon  it  will  be  increased  or  diminished  in  exactly  the 
tion^  and  consequently  the  velocity  imparted  bj  gcvdVi 
Joag  masB  at  each  instant  will  be  the  same. 
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It  18  easj  to  Terify  this  by  experiment.  Let  difiereni  balls  of 
small  magnitude,  of  metal,  ivory,  and  other  materiahy  be  suspended 
by  light  silken  strinffs  of  the  same  lengthy  and  made  to  oscillate; 
their  oscillations  will  be  fonnd  to  be  equal. 

537.  How  the  time  of  oMcilUUum  is  afreted  by  the  leiigtk--Jt 

pemlulnms  of  different  lengtb 
have  rimilar  axoa  of  oscilla- 
tion, the  times  of  osdllatioD 
of  those  which  are  shorter 
will  be  less  than  the  times  of 
osdllataon  of  those  which  ars 
longer.  Let  Oj  h,  Cj  dywade, 
fig.  156,  be  five  small  leaden 
ndls,  suspended  by  light  silken 
strings  to  the  point  of  sos- 
nension  8,  and  let  ail  <tf  those 
be  supposed  to  form  pendfr 
lums,  having  the  same  aa^ 
of  oscillation.  The  are  of 
oscillation  of  the  ball  a  will 
be  aa",  that  of  &  wiU  be  » 
b"",  that  of  c,  cc"",  and» 
*^'**^^^'  on.     In  commencing  to  M 

from  the  points  a,  b,  c,  d,  «,  towards  the  vertical  line,  these  five  halls 
are  equally  accelerated  by  the  said  fall,  inasmuch  as  the  circular  ares 
down  which  they  Ml  are  all  equally  inclined  at  this  point  to  the  ve^ 
ticol  line.  The  same  will  be  true  if  we  take  them  at  any  oonrespond- 
ing  points,  such  as  a,  b',  c',  d\  t\  It  may  therefore  be  oondoded, 
that  throughout  the  entire  range  of  oscillation  of  each  of  these  five 
pendulums,  they  will  be  impelled  by  equal  accelerating  forces. 

Now  it  has  been  shown  that  when  bodies  are  impelled  by  the  samo 
or  equal  accelerating  forces,  the  spaces  through  which  they  move  are 
pn)portioiial  to  the  squares  of  the  times  of  their  motion  \  therefore  it 
follows,  that  the  lengths  of  these  arcs  of  oscillation  are  proportionil 
to  the  squares  of  the  times.  But  the  lengths  of  these  arcs  are  evi- 
dently in  the  same  proportion  as  the  lengths  of  the  pendulums ;  that 
is  to  say,  the  arc  a  a""  is  to  3  6""  as  s  a  is  to  8  &,  and  the  are  b  b"" 
is  to  c  c""  as  8  6  b  to  8  c,  and  so  on. 

It  follows,  therefore,  that  the  squares  of  the  times  of  oscillation  of 
pendulums  arc  as  their  lengths,  or,  what  is  the  same,  the  times  of 
oscillation  are  as  the  square  roots  of  their  lengths.  Tlus  principle  is 
easily  verified  experimentally. 

638.  Experimental  illustration. — Let  three  small  leaden  balls 
be  suspended  vertically  under  each  other  by  means  of  loops  of  silken 
thveada,  as  represented  in  J^.  157,  and  in  sach  a  manner  tlwt  thi^ 
ou  mU  OBcillBie  in  the  same  pWue  at  T\^\i^  ^ufJLea  to  the  piano  of  tho 
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jc  diflgnun,  the  Baspending  loops  not  interfering 
with  each  other. 

Let  the  loops  be  so  adjusted  that  the  distance 
of  the  ball  1  below  the  line  M  n  shall  be  1  foot, 
the  distance  of  the  bull  4,  4  foct;  and  the  dis- 
tance of  the  ball  9,  9  feet. 

Let  the  ball  9  be  put  in  a  state  of  oscillation 
through  small  arcs,  and  let  the  ball  4  be  then 
drawn  from  its  vertical  position,  and  disengaged 
BO  as  to  commence  one  of  its  oscillations  with  an 
oscillation  of  the  ball  9 ;  and  in  the  same  man- 
ner let  the  ball  1  be  started  simultaneously  with 
one  of  the  oscillations  of  the  ball  9. 

It  will  be  found  that  two  oscillations  of  the 
one-foot  pendulum  are  made  in  exactly  the  same 
iBie  aa  a  single  oscillation  of  the  four-foot  pendulum ;  consequently, 
be  time  of  each  oscillation  of  the  latter  will  be  double  that  of  the 
drmer,  while  its  length  is  fourfold  that  of  the  former. 

In  the  same  manner,  while  the  one-foot  pendulum  makes  three  os- 
iUations,  the  nine-foot  pendulum  will  make  one;  and,  consequently, 
he  time  of  oscillation  of  the  latter  will  be  three  times  that  of  the 
brmer,  while  its  length  is  nine  times  that  of  the  former. 

539.  The  time  of  vibration  being  given,  to  find  the  length  of  the 
pendulum^  and  vice  versd.  By  this  principle,  the  length  of  a  pen- 
iolnm  which  would  oscillate  in  any  proposed  time,  or  the  time  of  os- 
ollation  of  a  pendulum  of  any  proposed  length,  can  be  ascertained, 
pnmded  we  know  the  length  of  a  pendulum  which  oscillates  in  any 
pren  time.  Thus,  suppose  l  to  be  the  length  of  a  pendulum  which 
oscillates  in  the  time  t.  Let  it  be  required  to  determine  the  length 
of  a  pendulom  l',  which  would  oscillate  in  any  other  time  t'.  We 
■hall  have  the  following  proportions : 


L  :  L 


T» :  t's 


From  this  proportion,  if  l  and  t  be  both  given,  we  can  find  the 
Sme  t'  of  oscillation  of  the  other  pendulum  if  l'  be  ^ven ;  or  wo 


eiD  find  the  length  l'  if  t'  be  given 
In  the  first  case  we  have 


in  the  second  we  have 


=  T   X-; 


L'  =  L  X  • 


540.   Time  of  oscillation  varies  with  the  attraction  ofgravUy. — 
Since  the  force  which  produces  the  oscillation  of  a  pendulum  is  the 
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aooelerating  force  of  gravitj  urging  the  penduloos  body  altemttdj 
from  the  extremities  of  the  arc  of  oscillation  to  the  middle  point  of 
that  arc,  it  is  evident  that  if  this  force  were  increased  in  its  intensty, 
the  velocitj  with  which  the  pendulous  body  would  be  precipitated  to 
its  lowest  position  would  be  increased,  and  consequently  the  time  of 
oscillation  diminished ;  and  if,  on  the  other  hand,  the  impelling  force 
of  gravity  were  diminished,  the  force  urging  the  pendulous  body  being 
enfeebled,  it  would  be  moved  with  a  diminished  velocity,  and,  conse- 
quently, the  time  of  oscillation  would  be  increased. 

It  follows,  therefore,  that  the  same  pendulum  will  oscillate  more 
slowly  or  more  rapidly,  according  as  the  force  of  gravity  which  acti 
upon  it  is  diminished  or  increased. 

541.  Ixno  of  this  variation,  —  But  it  is  not  enough  to  state  that 
a  variation  in  the  force  of  gravity  will  change  the  time  of  oscillation 
of  the  pendulum.  It  is  required  to  ascertain  in  what  proportion  it 
will  produce  this  change ;  that  is  to  say,  if  the  force  of  gravity  acting 
on  the  pendulum  be  augmented  in  any  given  ratio,  in  what  corrrt^ 
ponding  ratio  will  the  time  of  oscillation  of  such  pendulum  be  di- 
minished. 

It  is  proved  in  the  theory  of  accelerating  forces,  that  under  roch 
circumstances,  the  squares  of  the  times  of  oscillation  will  vary  in  the 
inverse  proportion  of  the  force ;  that  is  to  say,  in  whatever  ratio  the 
force  of  gravity  be  augmented,  the  squares  of  the  times  of  oscillation 
of  the  pendulums  will  be  diminished  in  the  same  ratio. 

542.  The  pendulum  indicates  the  variation  of  gravity  in  different 
latitudes,  —  I3ut  as  the  squares  of  the  times  of  oscillation  are  pro- 
portional to  the  lengths  of  the  pendulums,  it  follows  from  this,  that 
the  lengths  of  the  pendulums  which  oscillate  in  the  same  time  under 
the  influence  of  diflcrcnt  accelerating  forces,  will  be  proportional  to 
these  forces ;  and  tliat,  consequently,  if  in  any  two  places  it  be  found 
that  the  pendulums  which  oscillate  in  the  same  time  hang  different 
lengths,  it  must  be  inferred  that  the  forces  of  gravity  in  these  two 
places  are  in  the  exact  proportion  of  these  lengths. 

It  is  in  virtue  of  this  principle  that  the  pendulum  supplies  means 
of  dfttMiiiiiiing  tlio  variation  of  the  forces  of  gnivity  up<m  difforenl 
paits  of  the  earth's  sui-face. 

543.  Analysis  of  the  motion  of  a  pendulous  mass  of  definite  ma^' 
uitude.  —  We  have  hitherto  supposed  that  the  pendulous  Ixxly  Ls  a 
heavy  mass  of  indefinitely  small  magnitude,  suspended  by  a  wire  or 
string  having  no  weight.  These  are  conditions  which  cannot  be  ful- 
filled in  practice.  Every  real  pendulous  l>ody  has  a  definite  magni- 
tude, its  component  parts  being  at  different  distances  from  the  point 
of  suspension ;  tlie  nnl  which  sustaiTJs  it  is  of  CMnsi<ler:iM«'  wi^lit. 
and  all  the  points  of  this  rud,  as  well  as  ihobc  of  the  pciiduluus  muNt 
itseli^  are  at  different  distances  from  the  point  of  sujipenaion.    In  et- 
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timadngy  ibereforey  the  effect  of  pendolumsi  it  is  neoessarj  to  take 
into  account  this  circuiostance. 

Let  us  suppose  a,  b,  c,  d,  e,  f^gyfig*  158.,  to  be  as  many  small  heavy 
balls  connected  by  independent  strings,  the  weight  of  which  may  be 
neglected,  with  a  point  of  suspension  8,  and  let  these  seven  balls  be 
supposed  to  vibrate  between  the  positions  s  M  and  8  h'.  Now  if  these 
balls  were  totally  independent  of  each  other,  and  connected  with  the 
point  of  suspension  by  independent  strings,  they  would  all  vibrate  in 
different  times,  those  which  are  nearer  the  point  s  vibrating  more 
rapidly  than  those  which  are  more  distant  from  it  If,  therefore, 
they  be  all  disengaged  at  the  same  moment  from  the  line  8  M,  those 
which  are  nearest  to  8  will  get  the  start  of  those  which  are  more  dis- 
tant, and  at  any  intermediate  position  between  the  extremes  of  their 


vibration  they  will  assume  the  positions  a\  h\  c',  d\  t\fjg\  That 
which  is  nearest  to  the  point  8,  and  which  is  the  shortest  pendulum, 
will  be  foremost,  since  it  has  the  most  rapid  vibration.  The  next  in 
length,  h\  will  follow  it,  and  so  on;  the  most  remote  from  8  being 
the  longest  pendulum,  g'  being  the  last  in  order. 
Now  if,  instead  of  supposing  these  seven  balls  to  be  suspended  \tj 
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indepeDdent  strings,  we  iinaffine  them  to  be  fixed  upon  the  same  wiic^ 
80  as  to  be  rendered  incapable  of  having  any  independent  motion,  and 
compelled  to  keep  in  the  same  straight  line,  then  it  is  evident,  thit 
while  the  whole  series  vibrates  with  a  common  motion,  those  whidi  are 
nearest  to  the  point  of  suspension  will  have  a  tendency  to  aooelcnfie 
the  motion  of  those  which  are  more  distant,  while  those  which  ave 
more  distant  will  have  a  tendency  to  retard  the  motion  of  those  which 
are  nearer. 

These  effects  will  produce  a  mutual  oompensation ;  h  and  e  will 
vibrato  slower  than  they  would  if  they  were  moving  freely,  while  e 
and  /  will  evidently  move  more  rapidly  than  if  they  were  monng 
freely.  Among  the  series,  there  will  be  found  a  certain  point,  which 
will  separate  those  which  are  moving  slower  than  their  natnnl  late, 
from  those  which  arc  moving  faster  than  their  natural  rate ;  and  a 
ball  placed  at  this  point  would  vibrate  exactly  as  it  would  do  if  no 
other  balls  were  placed  cither  above  or  below  it  Such  a  ball  would, 
as  it  were,  bo  the  centre  which  would  divide  those  which  are  aooelo- 
rated  from  those  which  are  retarded. 

544.  Centre  of  oscillation.  —  Such  a  point  has,  therefore,  lecn 
denominated  the  centre  of  oscillation. 

It  is  evident,  therefore,  that  a  pendulous  mass,  of  magnitude  more 
or  less  considerable,  will  vibrate  in  the  same  time  as  it  would  do  if 
the  entire  mass  were  conceutnited  at  its  centre  of  oscillation,  and 
formed  there  a  material  point  of  insensible  maOTitude. 

By  the  lougth  of  a  pendulum,  no  matter  what  be  its  form,  there- 
fore, is  always  to  be  understood  the  distance  of  its  centre  of  oscilla- 
tion from  it.s  point  of  suspension. 

545.  Centres  of  oscillation  and  suspension  interchangeable.  — 
The  centre  of  oscillation  bus  the  following  remarkable  and  important 
quality,  which  is  established  by  the  higher  mathematics,  and  verified 
by  experiment. 

If  a  pendulum  be  inverted  and  suspended  by  its  centre  of  oscilk- 
tion,  its  former  point  of  suspension  will  become  its  new  centre  of 
oscillation,  and  the  time  of  vibration  will  remain  the  same  as  before. 
This  property  is  usually  expressed  by  stating  that  the  "centres  of 
suspension  and  oscillation  are  interchangeable." 

This  property  can  bo  verified  by  experiment.  If  the  centre  of 
oscillation  of  any  pendulous  body  be  ascert^iined  by  mathematical 
calculation,  and  that  it  be  tiikon  as  a  point  of  suspension,  it  will  be 
found  that  the  time  of  oscillati(»n  of  the  pendulum  will  be  the  same 
as  it  was  with  the  first  point  of  Busj>ension. 

Since  the  length  of  a  pendulum,  and,  therefore,  the  time  of  \ii 
oscillation  in  a  given  place  and  subject  to  a  given  intensity  of  the 
force  of  gravity,  depends  upon  the  distance  between  its  point  of  sus- 
pension and  its  centre  of  oscillation,  it  is  evident  that  any  variatioo 
which  may  take  place  in  this  distance  will  cause  a  correspondiiig 
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age  in  the  time  of  oscillation ;  and  if  the  pendulum  be  applied  to 
hnmometery  it  will  cause  a  yariation  in  the  rate  of  that  instrament, 
1  a  oorresponding  error  in  its  indications. 

>I6.  Vdriaiunu  of  a  pendulum  eoJuequetU  on  change  of  temper- 
re~  —  Nowy  it  is  found  in  practioe,  that  all  pendulums  are  subject 
a  change,  more  or  less,  in  their  form  and  magnitude,  in  oonsc- 
tnoe  of  the  chai^  of  temperature  of  the  atmosphere  to  which 
y  are  exposed.  With  this  change  they  expand  and  contract,  and 
h  every  expansion  and  contraction  the  distance  between  their  ccn- 
I  of  oficillation  and  suspension  will  be  varied,  unless  expedients  bo 
pted  to  counteract  such  an  effect  Although  the  variations  pro- 
»d  by  these  causes  are  not  sufficiently  great  to  render  it  necessary 
provide  a  correction  for  them  in  common  time-pieces,  yet,  in  cases 
ere  extreme  accuracy  is  required,  expedients  have  b^n  adopted  to 
!vent  the  consequent  error. 

&47.   Compensation  pendulums, — These    expedients  are  called- 
npensation  pendulums. 

The  principle  upon  which  all  these  depend  is  the  combination  of 
o  substances  in  the  structure  of  the  pendulum,  which  expand  in 
lequal  degrees  for  the  same  change  of  temperature ;  and  they  are  so 
langcd,  that  while  the  expansion  of  the  one  increases  the  distance 
'  the  centre  of  oscillation  from  the  point  of  suspension,  the  expan- 
on  of  the  other  has  the  contrary  effect,  and  the  dimensions  of  these 
ro  substances  are  so  adjusted  that  the  increase  of  distance  produced 
J  the  on^  shall  be  exactly  equal  to  the  diminution  of  distance  pro- 
need  by  the  other,  so  that  the  result  is  that  the  centre  of  oscillation 
mains  at  the  same  distance  from  the  point  of  suspension,  and  thcrc- 
ve  the  time  of  oscillation  of  the  pendulum  remains  unaltered. 

548.  Pendulum  a  measure  of  time.  —  The  first,  the  most  impor- 
mt,  and  the  most  universal  use  of  the  pendulum,  is  as  a  measure  of 
ime.  The  uniformity  of  the  rate  of  its  vibration  is  the  property 
rhich  renders  it  so  eminently  qualified  for  this  purpose. 

A  pendulum  vibrating  alone,  independently  of  any  mechanism, 
rodd  measure  the  time  which  elapses  during  its  motion.  It  would 
K  only  necessary  for  an  observer  to  sit  by  it  and  count  the  number 
if  its  oscilhitions.  If  the  time  of  one  oscillation  were  previously 
aiown,  then  the  number  of  oscillations  performed  in  any  interval 
roold  at  once  ^ve  the  length  of  such  interval. 

But,  in  order  to  supersede  the  attention  and  vigilance  of  such  an 
•hierver,  a  train  of  wheel-work  is  placed  in  connexion  with  the  pen- 
!alnm,  the  movement  of  which  it  regulates ;  and  in  connexion  with 
bis  train  of  wheel-work  are  fixed  the  dial-plate  and  the  hands  of  tho 
lock,  by  which  the  number  of  oscillations  of  the  pendulum  which  take 
boe  in  a  day,  or  in  any  part  of  a  day,  are  indicated  and  registered. 

549.  Pendulum  a  measure  of  ike  force  of  gravity. — "WVieii  l\i<i 
mte penduJum  is  transported  to  different  parts  of  the  earth's  Sifftacid* 
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it  is  found  that  the  rato  of  its  Tibration  varies,  and  this  variatioa  is 
proved  to  take  place  even  after  precautions  have  been  taken  to  keep 
the  centres  of  oscillation  and  suspension  at  the  same  distance  from 
each  other.  Now  this  change  in  the  rate  of  vibration  nnder  such  ci^ 
cuinstanccs  can  only  be  explained  by  a  change  in  the  intensity  of  the 
force  of  gravity  by  which  the  pendulum  is  moved.  It  is  found,  that 
when  the  pendulum  is  carried  towards  the  terrestrial  equator,  the  time 
of  its  vibrations  is  longer ;  and  that  when  it  is  carried  towards  the 
pole,  the  time  of  its  vibrations  is  shorter :  the  inference  deduced  from 
which  is,  that  the  force  of  gravity  diminishes  as  we  approach  the 
equator,  and  increases  as  we  approach  the  pole. 

If  the  earth  had  the  form  of  an  exact  sphere,  did  not  revolve  on 
its  axis,  and  was  of  uniform  density,  the  force  of  gravity  at  all  parts 
of  its  surface  would  l>e  the  same,  and  no  such  variation  in  the  rate 
of  a  pendulum  could  take  place  when  transported  from  one  point  of 
the  surface  of  the  earth  to  another.  But  if  the  earth  be  an  exsct 
sphere,  revolving  upon  its  own  axis  in  23h.  56  min.,  then  the  efliect 
of  such  motion  of  rotation  would  be  to  produce  a  certain  small  dimi- 
nution of  the  intensity  of  the  force  of  gravity  in  approaching  the 
equator,  and  an  increase  in  such  intensity  in  approaching  the  pole 
The  amount  of  such  diminution  or  increase  produced  by  such  rotation 
is  capable  of  calculation,  and,  being  computed  and  compared  with 
such  change  of  intensity  of  the  force  of  gravity  indicated  by  the 
variations  of  a  pendulum,  is  found  not  to  correspond  exactly  with  it. 
This  absence  of  complete  correspondence  indicates  another  cause 
affecting  the  force  of  gravity  besides  the  rotation  of  the  earth. 

If  the  earth  be  not  un  exact  sphere,  but  have  a  form  of  which  i 
turnip  and  an  orange  are  exaggerated  representations,  called  in  geo- 
metry an  oblate  spheroid,  such  a  form,  combined  with  the  rotation  of 
the  earth,  would  produce  a  further  effect  in  varying  the  force  of 
gravity  iu  proceeding  towards  the  equator  or  towards  the  pole.  Now 
it  is  found  by  calculation,  that  a  certain  degree  of  this  form,  com- 
bined with  the  diurnal  rotation  of  the  earth,  would  produce  exactly 
that  variation  in  the  forc«  of  gravity  going  towards  the  equator  and 
going  towards  the  pole,  which  is  indicated  by  the  variation  in  the  time 
of  vibration  of  the  same  pendulum. 

550.  Pendulum  indicates  the  form  and  diurnal  rotation  of  the 
earth.  —  Ilcnce  it  appeai-s  that  the  pendulum  becomes  an  instrument 
by  which  not  only  the  doctrine  of  the  diurnal  rotation  of  the  earth 
is  verified  and  corroborated,  but  by  which  the  departure  of  the  ca»lh 
from  an  exact  globular  form  i»  also  established. 

From  what  has  been  stated,  it  will  appear  that  the  length  of  a  rni- 

dulum  which  vibrates  seconds  in  different  parts  of  the  earth  will  be 

different ;  the  force  of  gravity  in  lower  latitudes  being  less  thav  in 

higher,  the  length  of  the  pendulum  which  vibrate  (seconds  wiD  br 

proifortionaliy  less. 
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551,  Pendulum  measures  the  velocity  of  falling  bodies,  —  As  the 
ndnlam  thas  supplies  a  measure  of  tlic  intenstitj  of  the  force  of 
mty,  it  necessarily  also  affords  the  means  of  calculating  the  height 
SOI  which  a  body  falling  freely  would  descend  in  a  second  if  it 
ored  in  a  vacuum. 

The  method  of  determining  this  by  the  pendulum  is  susceptible 
r  much  jcreater  accuracy  than  that  which  has  been  already  indicated 
f  AKwok.  I'b  machine. 

To  find  the  space  through  which  a  body  will  fall  at  any  place  in  a 
Boond  of  time,  let  the  length  of  a  pendulum  which  vibrates  seconds 
a  that  place,  expressed  in  inches,  be  multiplied  by  4-9347,  and  the 
product  will  express  in  inches  the  height  through  which  a  body 
vonid  fall  in  a  second  in  that  place  independently  of  the  resistance 
if  the  air. 

552.  Table  showing  the  lengths  of  a  seconds  pendulum^  and  the 
force  of  gravity  in  different  latitudes. — In  the  following  table  is 
^Ten  the  length  of  the  pendulum  vibrating  seconds,  and  the  heights 
through  which  a  body  would  fall  in  a  vacuum  in  a  second  at  the 
places  severally  named  in  the  first  column.  In  the  second  column  is 
nten  the  latitudes  of  the  places  of  observation.  In  the  third  column 
n  given  the  lengths  of  the  pendulum  as  determined  by  the  observers 
themselves  respcctivel}',  and  expressed  in  the  measures  which  they 
adopted;  which,  as  it  will  appear,  differed  according  to  the  different 
epochs  of  the  experiments,  and  the  different  countries  whose  mea- 
mies  the  observers  used.  Thus  Borda  expressed  the  length  of  the 
pendulum  in  lines,  twelve  of  which  composed  an  old  French  inch. 
The  observations  of  Biot  and  his  associates  were  made  according 
to  the  system  of  mea.sures  of  time  and  length  adopted  after  the 
French  Revolution ;  the  lengths  are  accordingly  expressed  in  milli- 
metrcs,  and  the  seconds  measured  by  the  pendulum  were  centesimal 
seconds,  corresponding  to  the  decimal  division  of  the  quadnmt.  The 
lengths  of  the  pendulums  given  by  Kater  and  Sabine  aro  in  English 
inches. 

The  lengths  of  the  pendulums  given  by  Freycinet  and  Duperry, 
have  for  their  unit  the  length  of  a  pendulum  beating  seconds  at  Paris. 
la  the  fourth  column  of  the  table  is  given  the  height  of  the  stations 
it  which  the  observations  arc  respectively  made  above  the  level  of 
the  .«ca. 

Since  these  heights  produce  an  effect,  more  or  less,  on  the  intensity 
of  gravity,  it  is  necessary,  in  order  to  compare  the  observations  one 
with  another,  to  reduce  them  all  to  the  level  of  the  sea  at  their  re- 
spective places.  This  is  accordingly  done  in  the  fifth  column,  in 
which  the  length  of  pendulums  vibrating  seconds  at  the  level  of 
the  sea,  in  the  several  places  of  observation,  are  given  in  Knglish 
inches. 
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Eat  as  the  force  of  gravitj  is  moro  directly  expressed  by  tbfl 
height  through  which  a  body  would  fall  freely  in  a  Tacuum  in  a 
secoud,  these  heights  are  given  in  the  sixth  column  of  the  table,  the 
names  of  the  observers  being  inserted  in  the  last  cdumn.  The  nnm- 
bers  in  the  third  and  fourth  column  of  the  table  oorrespond  with 
those  given  by  Pouillet  in  his  <'  tll^mens  de  Physique.'' 

Table  of  Observations  on  the  Lengths  of  thk  Pendulum 
IN  different  Latitudes. 


II. 

It  so  14  N 


IV. 


Uith  .    .    . 
rirrK    .   . 


Ubri     .    .    .    . 
Uiib   .    ,    .    . 

CLintti    .   .  , 

ItUurf  Hill.     . 
LnbdriH      .      .      . 

ahiDitia  Firm 


PirE«    .     .     . 

lilt  of  I'risCt 
Kin  iirtiro, 

PtiTt  iichiriD 


A  ir^  niton     . 

Hum   l^DDH 

Trirti^  .  . 

AiltJt  .     ,  . 

Jfinmri    .  . 

New  Ynrk  . 

LoDditn     F  + 

DpihiilhriftL  ■ 

llajtirrrL-it  . 

b|tLLllFrT(rU  ■ 


r^r 

Ttulhtt      ,     , 
AKrl.liOR       . 

Pnri  Jickmn 


tU  iS  2^  N  TIZmoCU 

.U  «i  3^  N  T-1^WHU3 

4^  50  JJ  N  IlliCJIJ 

ih  -H  4X  N  iHI-tilfVld 


Od  V  Hf  N 


«0  4S  H  N 

U  5H  41   > 
i3^T43  N 

!il  .11  Oh  N 


13  Z7  51  N 

ft  09  M  8 
/i  &j  14  9 

^  fii  :u  s 
II  ^  1^  M 
^1  a&  ]»d 


0  n  ii  N 

J  11  4:1  h 

T  i-f  4b  ii 

h  .w  in  N 

lU  St  M  N 

Id  »  21  S 

IT  50  err  H 

m  42  43  N 

iil  ;i]  i>i  N 

74  A^  IP  N 

-y  4»  aK  N 


4H  "jO  14  N 
^n  UT  {)!»  K 

fr7  H  W  >- 

XI  ai  nth  S 

H  il  44  ji 


■41'HXm 


Ett-K 

13-11 

£»-(£ 

uiuor) 

T3I-M 
666-00 


JD-19 
W-IL 

an-u 

»ll 


»La(,  kliJbln 
Bi»l«  BoLTftrd,  Ibtt. 
Met,  Hirhlti, 

VLct,  Ifilkl**, 


3&-I7I-L1 

au-iiiito 

3U-J4^IT 
W-1401T 
!39  l%«0 
^I3UL 


UIKJ 


PiVrWhJV 
0-((tAl^l3 

ii-y.4>«:i]]i 

I-OOOUIJO 


Kl-Ot 
3b^ 

3U  13 


rt-E7ck«rU 


OiH}|f*7ll 

ai-uajtH 

*J-l[H5l 
JW  17J> 

J!I'J  [iM 


7Hfl 
1&  10 
IW-13 
|]r<M 

iiiis 

&|h; 
J^I^JU 


30«l 
9U-0L 
»-0l 
3U-0] 

a-(jt 

30-03 

ao^J> 


iw-*pa 

im-m 
lu-na 
i»j-«a 

lU-ltf 
lU-KO 


A^^ii*. 


ISd-WT 
IW7t*4 


IKHlft 
Ib3>4tid 


!l 

luuJ:^^<ll 


1^40 

i.-i'-m 


»  II 
»^ 
ati-07 


1U-1JIB 
ISd-l-U 


i>Mp«fT^r^ 
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CHAP.    IX, 
BESISTINQ  rORCES. 

558.  Forces  which  destroy  hut  cannot  produce  motion,  —  A  pbj- 
noal  agent  capable  of  imparting  motion  to  a  qaicsccnt  body  is  called 
a  force.  It  is  evident  that  such  an  agent  would  also  be  capable  of 
increasing  the  velocity  of  a  body  already  in  motion  if  it  were  applied 
in  the  direction  of  the  motion,  or  dimiinshing  the  velocity,  or  even 
altogether  destroying  the  motion  and  bringing  the  body  to  rest  if  it 
were  applied  in  an  opposite  direction. 

This  principle  is  not,  however,  convertible:  although  it  follows 
that  an  agent  capable  of  imparting  motion  is  also  capable  of  dimin- 
bhing  or  destroying  it,  it  does  not  follow  that  an  agent  capable  of 
diminishing  or  destroying  motion  is  also  capable  of  imparting  or  in- 
creasing it 

The  class  of  forces  to  which  wc  now  refer  are  capable  of  diminish- 
ing the  velocity  of  a  body  in  motion,  and  of  bringing  it  to  rest,  but 
they  are  incapable  of  imparting  motion  to  a  body  ut  rest,  or  of  aug- 
menting any  motion  it  may  have.  The  former  class  of  forces,  which 
are  capable  of  producing  or  increasing  motion,  may  be  described  for 
distinction  active  forces,  and  the  httcT  passive  forces. 

The  force  of  gravity,  for  example,  comes  under  the  former  class. 
A  body  freely  suspended,  being  disengaged  and  submitted  to  the 
action  of  gravity,  is  put  in  motion,  and  its  motion  is  continually  ac- 
celerated as  it  moves  downwards,  until  it  encounters  some  obstacle 
which  brings  it  to  rest. 

If  the  same  body  be  projected  upwards  with  the  velocity  with 
which  it  strikes  the  ground,  the  force  of  gravity  will  then  gradually 
diminish  its  motion  until  it  rises  to  the  height  from  which  it  fell, 
where  its  motion  will  altogether  be  destroyed. 

554.  Resisting  forces.  —  Of  the  passive  or  resisting  forces,  the 
most  important  are  friction  and  the  resistance  of  fluid  media,  such  as 
UT  or  water. 

All  bodies  moving  at  or  near  the  surface  of  the  earth  are  subject 
to  some,  or  all,  of  these  forces,  and,  consequently,  all  terrestrial  mo- 
tions whatever  are  liable  to  constant  retardation ;  and,  to  be  main- 
tained, require  the  ccmstant  agency  of  some  impelling  force  to  repair 
the  loss  produced  by  the  resisting  forces  to  which  they  are  exposed. 

The  smallest  attention  to  the  phenomena  which  form  the  subject 
of  mechanical  inquiries,  will  render  manifest  the  great  importance  of 
investigating  and  comprehending  the  effects  of  resisting  fo^ce^5. 

In  the  preceding  part  of  this  volume,  the  construction  and  proper- 
ties of  machinery  have  been  explained,  on  the  supposition  that  the 

2.4^ 
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in?vinz  fMW  of  the  power  is  tr^zifinitt^  to  the  worHng  pmnt  in^ 
ua  s:ia:!i:>b->i  enlx*:.  In  order  to  di*<?nibirra33  the  tjiiestjona  of  thfir 
co!u;'lrx::v.  and  prci^Dt  them  in  the  moat  fiimple  and  iDtcIligiU« 
fonii.  uuoh'.nes  have  bcea  cwisadered  as  absolutely  free  from  tha 
cfifivts  of  all  K^istin^  r>foea ;  surfaiL'e^  moving  in  coo  tact  have  be«a 
^?n>:.ieTvd  to  bo  perft^<tk  fn^  from  fiicuoa;  &xles  were  r^smledai 
mathematical  lines :  pivots  as  mathematical  pointB;  lopes  as  perfectly 
flexible :  and,  in  a  word,  the  effect  of  the  moving  power  has  been 
ronsidoTvd  as  absotaielr  undiminished  by  any  resistanoe  whateveTj  is 
its  transmission  throogh  the  machinery  to  the  working  point. 

It  i»  scareely  netful  to  observe,  that  none  of  these  sappontioiii 
are  perfectly  true.  The  surfaces  of  the  machinery  which  more  in 
contact  are  never  perfectly  smooth ;  axles  have  always  definite  thin- 
ness, and  move  in  sockets  never  perfectly  polished ;  ropes  have  oon- 
siderable  rigidity,  and  this  ri^dity  is  necessarily  greater  in  proportka 
to  their  stxt^ngth.  Much  has  been  aooompli^^  it  is  true,  bf  a 
variety  of  expedients,  to  diminish  these  resistances ;  highly  poliued 
surfaces  and  effective  lubricants  have  been  applied,  to  obtain  addi- 
tional smoothness :  but,  still,  the  surfaces  in  contact  continue  to  I» 
8tudde\l  with  small  asperities,  which,  coming  constantly  in  oppositiaD 
to  each  other  iu  their  motion,  produce  considerable  resistance,  snd 
robbing  the  moving  power  of  a  great  part  of  its  efficacy,  transmit  it 
with  prop^>rtionalIy  diiniuished  intensity  to  the  working  point. 

To  estimate  thervfon?,  correctly,  the  practical  effects  of  any  ms* 
chinery,  it  is  essi'ntial  that  we  should  calculate  the  effect  of  this  td- 
sistance.  aud  suKluct  it  from  that  effect  of  the  power  which  has  beea 
coiiiputoil  on  the  theoretical  principles  established  in  the  preceding 
chapters;  the  overplus  of  effect  after  this  deduction  is  all  that  part 
of  the  power  which  can  In?  regarded  as  practically  available. 

555.  Eit'cis  o/fricfion.  —  The  effect  of  friction  on  a  power  sup- 
porting a  weight  or  resistance  at  rest  is  different  from  its  effect  when 
the  weight  or  resistance  is  moved.  In  tho  one  case,  friction  asusts; 
iu  the  other,  it  opposes  the  jK>wer. 

liCt  us  supjK^se,  for  example,  a  power  P  supporting  a  weight  W,  by 

means  of  a  single  moveable  pulley.     From  what  has  been  alrndj 

proved  (400.)  it  is  evident,  that  if  the  power  p  be  half  the  weight 

of  w,  they  would  be  in  equilibrium,  and  the  power  would  keep  the 

weight  at  rest,  if  the  pulley  were  subject  to  no  friction;  and  in  that 

case,  the  slightest  diminution  of  the  power  would  cause  tho  weisbt  to 

descend,  and  draw  the  power  upwards.     But  if  the  pulley  be  sia)ject, 

M  it  always  is  in  practice,  to  friction,  then  a  small  diminution  of  the 

irer  will  be  resisted  b}'  this  friction,  and  the  weight  will  not  descend 

1  OYcroome  the  power,  until  the  diminution  of  the  power  shall  b^ 

jne  so  great  as  to  enable  the  weight  to  overcome  the  friction. 

556.  Friction  aids  the  power  in  supporting  a  weight,  but  oppoit^ 
thjf^mer  tn  wioving  it.  —  It  follows,  therefore,  that  when  a  pollQi 
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ly  other  machine,  is  subject  to  friction,  a  less  power  is  sufBciciit 
ipport  a  weight  at  rest,  than  would  be  necessary  if  there  wore  no 
ion ;  and  the  greater  the  friction  is,  the  less  will  bo  the  powor 
Bsaiy  to  support  the  weight  It  is  in  this  sense  that  friction  is 
to  aid  the  power,  when  the  weight  or  resistance  is  supported  at 
But  if  the  power  be  required,  not  merely  to  support  the  woight, 
to  raise  it,  then  we  shall  find  that  the  friction,  instead  of  aiding, 
ees  the  power. 

et  us  suppose,  for  example,  the  power  P  acting  on  the  weight, 
ugh  the  intervention  of  a  single  moveable  pulley,  the  power  being 
the  weights  In  the  absence  of  friction,  the  slightest  addition  to 
power  would  cause  it  to  descend,  and  to  raise  the  weight ;  but 
Q  the  machine  is  subject  to  friction,  then  the  power  will  not  de- 
d,  until  it  shall  receive  such  an  addition  as  will  be  sufficient  to 
come  the  friction. 

57.  How  this  modifies  the  conditions  of  equilihrium.  — This  cir- 
stance  modifies  materially  the  conditions  of  equilibrium.  Koprc- 
ing  by  P  that  amount  of  the  power  applied  to  any  machinery 
tever  which  would  keep  the  weight  w  in  equilibrium  in  the  ab- 
e  of  friction,  Icty  express  the  addition  which  must  be  made  to  P 
rdcr  to  enable  it  to  overcome  the  friction  and  put  the  weight  in 
ion;  then /will  also  express  the  amount  by  which  the  power 
i  be  diminished,  in  order  to  enable  the  weight  to  prevail  over  it 
to  descend.  It  is  evident,  therefore,  that  any  power  which  is  less 
I  p  +/,  and  greater  than  p — f,  would  keep  the  weight  in  equi- 
ium  and  at  rest. 

58.  Cases  in  which  friction  is  the  whole  power,  —  It  may  there- 
be  inferred,  generally,  that  when  a  machine  of  any  kind  is  used 

ply  to  sustain  a  weight  or  to  balance  a  resistince,  the  friction,  act- 
in  common  with  the  power,  becomes  a  mechanical  advantage. 
n  many  instances,  this  resisting  force  constitutes  the  entire  cffi- 
ley  of  the  instrument.  Thus,  when  screws,  nails,  or  pegs  are  used 
3ind  together  the  parts  of  any  structure,  their  friction  with  the 
Boe  with  which  they  are  in  contact  prevents  their  recoil,  and  gives 
n  their  entire  binding  power.  In  the  ordinary  use  of  the  wedge 
If,  we  have  another  striking  example  of  the  mechanical  advantage 
friction.  When  the  wedge  is  used  for  any  purpose,  as,  for  ex- 
^le,  to  split  timber,  it  is  urged  forward  by  percussion,  the  action 
the  moving  power  being  only  instantaneous,  and  being  totally  sus- 
ded  between  each  successive  blow. 

3ut  for  the  resisting  force  of  the  friction  which  takes  place  between 
surface  of  the  wedge  and  the  surface  of  the  timber,  the  wedge 
lid  react  after  each  blow,  and  render  abortive  the  action  of  the 
ving  power.  The  friction,  therefore,  in  this  case,  plays  the  part 
a  ratchet-wheel,  preventing  the  reaction  of  the  wedge,  and  making 
)d  the  action  of  we  power. 

5^&\ 
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559.  Great  use  of  friction  in  the  economy  of  nature  and  art,'^ 
Notwithstanding  the  disadvantages  which  attend  the  presence  of  fiib 
tion  in  machines,  it  is  an  agent  eminently  useful  in  giving  stabilih 
to  structures,  and  in  giving  efficiency  to  the  movements  of  almost  iD 
bodies,  natural  and  artificial.  Without  friction,  most  structure!^ 
natunil  and  artificial,  would  fall  to  pieces.  The  stones  and  bricks  used 
in  building  owe  to  the  mutual  friction  of  their  sur£iccs  a  great  part 
of  their  s<^^)lidity.  Manual  exertion  would  become  impracticable,  if 
no  friction  existed  between  the  limbs  and  the  objects  upon  which  thej 
act.  The  friction  between  the  foot  and  the  ground  gives  a  porcluue 
to  the  musculur  force,  so  as  to  enable  it  to  produce  progressive  motion. 
"Without  friction,  every  effort  of  the  foot  to  propel  the  body  fonmd 
would  bo  attendcnl  with  a  backward  actioUi  so  that  no  progrcssire 
motion  would  ensue.  The  difficulty  of  moving  upon  ice,  or  upoo 
ground  covered  with  greasy  or  unctuous  matter,  illustrates  this.  With- 
out friction  we  could  not  hold  any  body  in  the  hand.  The  difficoUj 
of  holding  a  lump  of  ice  is  an  example  of  this.  Without  friction,  a 
locomotive  cDf^inc  could  not  propel  its  load,  for  if  the  rail  and  d» 
tire  of  the  driving-wheels  were  both  absolutely  smooth,  one  wooU 
slip  upon  the  other,  without  affording  the  necessary  purchase  to  the 
steam  power. 

500.  Friction  of  sliding  and  rolling,  —  Friction  is  manifested  m 
different  ways,  according  to  the  kind  of  motion  which  one  surfiuK  hM 
upon  the  other. 

When  one  surface  nlidcs  upon  the  other  in  the  manner  of  a  sledge, 
the  friction  is  called  sliding  or  rubbing  friction. 

When  one  body  rolls  ujMjn  another,  so  that  different  points  of  sack 
bodies  come  into  successive  contact  with  each  other^  it  is  called  rolling 
friction. 

501.  Laws  of  friction  empirical^  hut  still  useful, — The  laws  which 
regulate  friction  are  derived  exclusively  from  experiments,  independ- 
ently of  theory.  There  are  no  simple  or  general  principles  from 
which  they  can  be  deduced  by  mathematical  reasoning. 

It  is  a  matter  of  regret,  that  even  amongst  the  oest  conducted 
experiments  that  have  been  made,  considerable  discrepancies  iR 
ob3er\'ablo,  and  that  differences  of  opinion  prevail  between  the  mosi 
respectable  authorities  respecting  many  particulars  connected  with  thi 
properties  and  laws  of  these  resisting  forces. 

Although  these  laws,  so  far  as  the}'  aro  known,  depend  thus  whoU; 
on  experiment,  yet  the  general  principles  of  science,  as  applied  t 
them,  arc  far  from  being  useless. 

They  serve  as  a  guide  in  the  selection  of  the  experiments  whicl 
arc  best  adapted  to  develop  those  laws  which  are  tho  subject  of  in 
quiry,  as  well  as  to  show  the  inconclusiveness  of  some  experiment 
nn  ivbich  reliance  might  ol^icTwm  \>e  ^VsLced,  ^xvd  tlius  enable  us  fiu 
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Fig.  159. 


^oce  from  the  results  of  czpcnmcntal  inqairies  numerom 
ictical  results. 

Methods  of  measuring  sliding  friction.  —  There  are  two 
bj  which  the  quantity  of  friction  produced  when  two  sur- 
faces are  .moved  one  upon  another  can  be 
ascertained. 

1st.  The  surfaces  being  rendered  per- 
fectly flat,  let  one  be  fixed  in  a  horizontal 
position,  on  a  table  T  T,Jig,  159.,  and  let 
JL\   ^  ©         the  other  be  attached  to  the  bottom  of  a 
?J|  r""!jgjj       ^^  B  E,  adapted  to  receive  weights,  so  as 
to  vary  the  pressure. 

Let  a  flexible  cord  be  attached  to  this 
box,  and  being  carried  parallel  to  the  table, 
let  it  pass  over  a  fixed  pulley  at  p,  and 
have  a  dish  suspended  to  it  at  d. 
►  friction  existed  between  the  surfaces,  the  smallest  weight 
ed  firom  D  would  cause  the  box  b  E  to  move  with  a  unifoijnly 
ted  motion  along  the  table  towards  the  point;  but  the  resist- 
friction  renders  it  necessary,  before  motion  can  take  place  or 
itained,  that  the  weight  D  shall  be  equal  to  the  amount  of 
5tion.  If  the  weight  D  and  the  friction  be  equal,  then,  the 
nd  the  resistance  being  in  equilibrium,  the  box  B  E,  if  put  in 
will  move  towards  the  point  with  any  velocity  which  may  bo 
d  to  it  continued  uniform.  If  the  weight  D  be  greater  than 
don,  then  the  motion  of  the  box  towards  p  will  be  accelerated ; 
the  weight  bo  less  than  the  friction,  then  any  motion  which 
!  given  to  the  box  will  be  retarded,  and  will  soon  cease 
ler. 

determination,  therefore,  of  the  weight  acting  at  D,  which 
stB  the  exact  amount  of  the  friction,  will  depend  upon  the 
'  given  to  the  box  in  the  direction  B  P  being  maintained 
I. 

.  Let  one  of  the  surfaces  be  attached,  as  before,  to  a  flat  plane 
AByfg.  160.,  but  instead  of  being  hori- 
zontal, let  it  be  inclined,  and  so  arranmsd 
that  the  inclination  may  be  varied  at  plea- 
sure. The  box  w  being  constructed  as 
before,  and  placed  upon  the  plane,  let 
such  an  elevation  be  given  to  the  plane 
Fig.  160.  ^jjj^j.  ^|jg  1^^  gjj^ji  ^  capable  of  moving 

t  with  a  uniform  velocity,  without  acceleration  or  retarda- 
If  the  elevation  be  greater  than  this,  the  motion  of  the  box 
he  plane  will  be  accelerated,  and  the  gravity  of  the  plane  will 
Aer  than  the  frwtjon;  if  it  he  less,  the  motion  of  tiie  Y)OX  ViJA 
xisd.  Mad  the  gravity  will  he  less  than  the  friction. 
^  25S 
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5^.   The  angle  of  repose.  —  That  particaaar  indinadon  of  the 

plane,  c:rre3>'ud:3g  t.-k  the  fnotion  of  any  given  surface,  whidk 
rcn«ien  the  zrivitv  ijf  the  plane  e<4ual  to  the  friction,  is  called  the 
031^/^  of  repose  or  the  angle  of  frictiotL 

Accoriing  to  the  principles  already  explained,  it  follows  that,  io 
these  cases,  if  the  length  of  the  plane  A  B  represent  the  total  weight 
w.  the  gnviry  down  the  plane,  which  is  equal  to  friction,  will  be 
repn^sentod  bv  the  height  a  £,  and  the  pressure  npon  the  plane  will 
be  repreaOQtoti  by  the  bxso  B  £,  and.  consequently,  the  ratio  of  the 
fricti'in  to  the  pressure  will  he  that  of  the  height  A  B  to  the  hose  be. 

Exr-erimcnta  conducted  accirding  to  hoth  these  methods  haregiTett 
nearly  the  same  results,  which  may  be  summarily  stated  to  be  u 

full"W3. 

504.  Frtc'ion  proportional  to  pressttrff  other  things  being  the  same. 
—  The  pr->p?rtioD  of  the  friction  to  the  pressure,  when  the  qudilf 
of  the  surface  is  given,  is  always  the  same,  no  matter  how  the  weight 
or  the  magnitude  of  the  surface  may  be  varied,  except  in  extreme 
cases,  whf  n  the  rr'^p-^rtion  of  the  pressure  to  the  surface  is  very  greet 
or  very  small.  Thus  it  is  found  that  in  the  mode  of  experiment 
represented  in /f^.  150..  in  proportion  as  we  increase  the  weight  con- 
tained in  the  b.>x  b  e,  we  must  increase  the  weight  suspended  at  D. 
If  the  weight  in  B  £  be  doubled,  the  weight  suspended  at  D  must  be 
also  doubled ;  if  the  weight  in  B  £  be  increased  in  a  three  orfonr-fi^ 
proportion,  the  weight  suspended  at  D  must  bo  increased  also  in  i 
thrive  or  four-f  )ld  proportion.  Or  if  the  surface  forming  the  bottom 
of  the  box  B  E  be  increased  or  diminished,  the  weight  contuned  in 
it  being  the  same,  no  difference  will  take  place  in  the  weight  sne* 
pended  from  D,  which  we  tind  necessary  to  overcome  the  friction. 

This  (•ffoct  is  what  might  have  been  expected;  for  when  the  suHaoe 
is  diminished,  the  total  pressure  remaining  the  same,  the  pressure  oo 
each  sf|uare  inch  of  the  surface  will  be  increased  in  exactly  the  wa» 
proportion  as  the  surface  has  been  diminished  ]  so  that  although  the 
amount  of  friction  would  be  diminished  by  the  diminution  of  the 
rubbing  surface,  the  amount  of  the  friction  is  increased  in  exactly  the 
same  proportion  by  the  increase  of  the  pressure  per  square  inch 
upon  it. 

505.  This  law  fails  in  extreme  cases.  —  But  if  an  extreme  in- 
creasic  or  an  extreme  diminution  of  .surface  take  place,  the  pressure 
remaining  the  same,  then  it  is  found  that  the  result  varies  from  this 
condition,  the  ratio  of  friction  to  the  pressure  being  somewhat  in- 
creased by  the  extreme  increase  of  rubbing  surface,  and  somewhat 
diminished  by  it^s  extreme  diminution. 

5GG.  Efect  of  continued  contact.  —  When  surfaces  are  first  placed 
in  contiict,  the  friction  is  less  than  when  they  arc  suffered  to  rest  in 
contacb  for  a  certain  time.  This  is  proved  by  observing  the  ftrea 
which  in  this  case  is  necessary  to  mo^e  \S[^  oa^  sar&oe  upon  the 
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r.  This  force  is  found  to  be  less  if  applied  at  the  first  niomoTit 
outset,  than  when  the  contact  has  been  long  continued.  This 
ease  of  force,  however,  due  to  continuance  of  contact,  has  a  limit. 
•re  is  a  certain  time,  different  in  different  substances,  within  which 
;  resistance  attains  its  greatest  amount  With  surfaces  of  wood  it 
erally  attains  its  maximum  in  two  or  three  minutes ;  with  surfaces 
metal,  the  maximum  is  attained  almost  immediately.  But  when 
nr&ce  of  wood  is  placed  in  contact  with  one  of  metul,  this  rcsist- 
se  continues  to  increase  for  scveml  days.  In  general,  the  duration 
the  increase  of  resistance  by  continued  contact  increases  as  the 
r&ocs  of  contact  are  increased,  and  is  greater  when  the  surfaces  are 
different  hinds  than  when  they  are  of  the  same  kind. 

567.  Similar  surfaces  have  greater  friction  than  dissimilar.  — 
general  it  is  found  that  similar  surfaces  have  greater  friction  than 

idmilar  surfaces.  The  harder  the  body  is,  the  less^  in  general, 
U  be  the  friction  produced  by  its  surface. 

568.  Friction  diminished  by  wear,  —  It  is  evident  that  the 
Mother  the  surfaces  are  which  move  in  contact,  the  less  will  be 
eir  friction. 

On  this  account,  the  friction  of  surfaces  when  first  brought  into 
Qtact  is  greater  than  after  their  attrition  has  been  continued  for  a 
nain  time,  because  such  attrition  has  a  tendency  to  remove  and 
lb  off  those  minute  asperities  and  projections  on  which  the  friction 
rpends ;  but  this  has  a  limit,  and  after  a  certain  quantity  of  attrition 
«  friction  ceases  to  decrease. 

Newly  planed  surfaces  of  wood  have  at  first  a  friction  which  is 
ival  to  about  half  their  entire  pressure ;  but  after  they  are  worn  by 
trition,  this  is  reduced  to  one  third.     . 

Owing  to  the  cause  already  explained,  of  the  increase  of  friction  by 
«  continuance  of  contact,  it  follows  that  the  friction  of  surfaces  at 
le  commencement  of  motion  from  a  state  of  rest  must  be  greater 
lan  while  actually  moving,  because,  while  in  motion,  the  surfaces  in 
ly  one  position  are  only  momentarily  in  contact,  and  consequently 
ive  not  time  to  acquire  that  increased  friction  due  to  the  continuance 
■contact. 

569.  Effect  of  crossing  the  grains.  —  If  the  surfaces  in  contact 
i  placed  with  their  grains  in  the  same  direction,  the  friction  will  bo 
neater  than  if  their  grains  cross  each  other.  Smearing  the  surfaces 
ith  unctuous  matter  diminishes  the  friction,  probably  by  filling  the 
kvities  between  those  minute  projections  which  produce  the  friction. 

570.  Pivots  of  wheels.  —  The  pivots  of  pendulums  or  balances 
«  usually  made  of  steel,  and  rest  upon  hard  polished  stones,  diffcr- 
it  surfaces  being  used  for  the  purpose  of  diminishing  the  amount  of 
ictioD.  Brass  sockets  are  gcucniUy  used  for  iron  axles  on  the  bdiuo 
iDciple. 

57h  St/ec/fofi  of /uMcemts, — In  the  selection  of  lubricaT\la,\\vaaft 
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of  a  viscous  nature  are  selected,  in  the  case  of  the  roogfa  sarfiuiet  of 
softer  bodies,  and  those  which  are  more  fluid  aro  applied  to  &e 

smoother  surifaccs  of  harder  bodies. 

Thus,  when  metal  moves  upon  wood,  tallow,  tar,  or  some  solid 
grease  is  generally  used ;  but  when  metal  moves  upon  metal,  oil  ii 
preferred,  and  the  harder  and  the  smoother  the  metal,  the  finer  the 
>il. 

Finely  pulverized  plumbago  is  found  to  be  a  very  efficient  agent  is 
diminishing  friction,  especially  as  applied  to  the  axles  of  cairiages  ind 
the  shafts  of  machinery. 

The  anli-attrilion  metal ^  which  is  composed  of  1  part  copper,  8 
parts  antimony,  and  3  parts  tin,  is  now  very  generally  used  Dj  ma- 
chinists in  the  United  States,  for  diminishing  the  friction  and  prevent* 
ing  the  heating  of  gudgeons,  pivots,  boxes,  &c. 

572.  Rolling  friction.  —  The  friction  which  attends  a  n^g 
motion  is  very  much  less  than  that  which  would  attend  a  sliding  or 
rubbing  motion  with  the  same  surfaces  and  under  the  same  picssuic 
Hence  it  is  that  rollers  are  used  with  so  much  success  as  an  expedient 
for  diminifrhing  friction.  A  roughly  chiselled  block  of  stone  weigh- 
ing 1080  lbs.  was  di-awn  from  the  quarry  on  the  surface  of  the  nick, 
by  a  force  of  758  lbs.  It  was  then  laid  upon  a  wooden  sledge  and 
drawn  upon  a  wo»xlcn  floor,  the  tractive  force  being  606  lbs.  When 
the  wooden  surfaces  moving  upon  one  another  were  smeared  with  til- 
low,  the  tractive  force  was  reduced  to  182  lbs.;  but  when  the  lotd 
was  in  fine  placed  upon  wooden  rollers,  three  feet  in  diameter,  the 
tractive  force  was  reduced  to  28  lbs. 

573.  Use  of  rollers,  —  AVhen  heavy  weights  are  to  be  mofed 
through  small  sj)a(es,  the  expedient  of  rollers  is  attended  with  grett 
advant:ip:o;  l)iil  when  losvds  are  to  be  transported  to  considerable  dis- 
tances, the  process  is  inconvenient  and  slow,  owing  to  the  necessity 
of  continually  re]»lacing  the  ri)llers  in  front  of  the  load,  as  they  an 
left  behind  by  each  progressive  advancement. 

574.  Use  of  carriage  wheels,  —  The  wheels  of  carriages  maybe 
regarded  as  rollers  which  are  continually  carried  forward  with  the 
load. 

In  addition  to  the  friction  of  the  rolling  motion  on  the  road,  they 
have,  it  is  true,  the  friction  of  the  axle  in  the  nave;  but,  on  the  other 
hand,  they  are  free  from  the  friction  of  the  rollers  with  the  nnder 
surface  of  the  load  or  the  carriage  in  which  the  load  is  transported. 
The  advantage  of  wheel  carriages  in  diminishing  the  effects  of  frio- 
tion  is  sometimes  attributed  to  the  slowness  with  which  the  axle 
moves  within  the  box,  compared  with  the  rate  at  which  the  wheel 
moves  over  the  road ;  but  this  is  erroneous.  The  quantity  of  frictioo 
does  not  in  any  c^isc  vary  considerably  with  the  velocity  of  the  hkh 
tion,  but  least  of  all  does  it  in  that  particular  kind  of  motion  hen 
«madered. 
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575.  .FWeltoii  wheels.  —  Id  certain  cases  where  it  is  of  great  im- 
itiDoe  to  remove  the  effects  of  friction,  a  contrivance  called  friction 
leels  or  friction  rollers  is  used.  The  axle  of  a  friction  wheel,  in- 
sad  of  revolying  within  a  hollow  cylinder  which  is  fixed,  rests  upon 
e  edges  of  wheels  which  revolve  with  it :  the  species  of  motion  thus 
comes  that  in  which  the  friction  is  of  least  amount. 

576.  Effect  of  the  magnitude  of  wheels.  —  In  carriages,  the  rough- 
«  of  the  road  is  more  easily  overcome  by  large  wheels  than  by 
lall  ones ;  hence  we  see  wheels  of  very  great  magnitude  used  for 
nying  beams  of  timber  of  extraordinary  weight.  The  animals 
awing  these,  notwithstanding  their  weight,  do  not  manifest  any  con- 
lenbTe  exertion.  The  cause  of  this  arises,  partly  from  the  carringo- 
leels  bridging  over  the  cavities  in  the  road,  instead  of  sinking  into 
em,  and  partly  because,  in  surmounting  obstacles,  the  load  is  elc- 
led  less  abruptly. 

577-  Best  line  of  dravghi.  —  If  a  carriage  were  capable  of  moving 
I  a  rood  absolutely  free  from  friction,  the  most  advantageous  direc- 
»  in  which  the  tractive  force  could  be  applied,  would  be  parallel  to 
te  road ;  but  when  the  motion  is  impeded  by  friction,  as  in  practice 
always  is,  it  is  better  that  the  line  of  draught  should  be  inclined  to 
«  road,  so  that  the  drawing  force  may  be  exerted  partly  in  lessening 
te  pressure  on  the  road,  by  in  some  degree  elevating  the  carriages, 
id  partly  in  advancing  the  load. 

It  can  be  established  by  mathematical  re.asoning,  that  the  best  line 
'  draught,  in  all  cases,  is  determined  by  the  angle  of  repose ;  that 
to  say,  the  traces  should  form  an  angle  with  the  road  equal  to  the 
ovation  of  a  plane  which  would  exactly  overcome  the  friction. 
!eiice  it  appears,  that  the  smoother  the  road,  and  the  more  perfect 
«  carriage,  and  consequently  the  less  the  friction,  the  more  nearly 
nallel  to  the  road  the  line  of  draught  should  be. 
In  wheel  carriages,  there  exist  two  sources  of  friction :  one  which 
'evails  between  the  tires  of  the  wheel  and  the  road  on  which  they 
in,  the  amount  of  which  depends  on  the  quality  of  the  road ;  and 
e  other  which  prevails  between  the  axle  and  the  nave  of  the  wheel 
which  it  turns.  This  latter  is  sliding  friction ;  but  the  rubbing 
ir&ce  is  small,  being  the  line  of  contact  of  the  axle  with  the  nave 
socket 

578.  Friction  of  wheel  carriages  on  roads. — From  the  structure 
'  the  axle  and  the  nave,  this  source  of  friction  admits  of  being  al- 
ost  indefinitely  dimini:ihed,  by  the  application  of  lubricants  and 
ber  expedients. 

The  other  resistance,  depending  on  the  action  of  the  tires  of  the 
Iwels,  amounts,  on  well-pavcJ  ruiids,  to  about  J^th  of  the  load.  On 
avelled  roads  it  is  but  ^*^th )  and  when  a  fresh  layer  of  gravel  has 
CB  laid,  it  is  increased  to  the  <f'»th  of  the  load. 
It  is  found,  however,  on  a  well  macadamized  road,  when  in  good 
22  *  '257 
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order,  that  the  resistance  does  not  exceed  the  ^th  or  ^th  of  the 
load. 

The  most  perfect  modem  road  is  the  iron  railway,  by  which  tiM 
resistance  due  to  friction  is  reduced  to  an  extremely  small  amoant 

Various  experiments  have  been  made,  with  a  view  to  determioa 
this  resistance ;  but  much  difficulty  arises,  owing  to  the  effecto  of 
atuiosphcric  resistance  being  combined  with  those  of  frictioiL  An 
extensive  scries  of  experiments  was  made  by  the  author  of  this 
volunic,  in  tlie  year  1838,*  with  a  view  to  determine  the  amoant  of 
re:;istance  to  railway  trains;  the  result  of  which  showed,  that  thii 
resistance  was  much  more  considerable  than  it  had  been  previoiulj 
supposed  to  be;  but  that  it  depends  in  a  great  degree  upon  thil 
velocity,  and  probably  arises  more  from  the  resistance  of  the  air  Una 
from  friction  properly  so  called. 

579.  Effects  of  imperfect  JleiibilUy  of  ropes, — When  ropes  a 
cords  form  a  part  of  machinery,  the  effects  of  their  imperfect  flexi- 
bility are  in  a  certain  degree  counteracted  by  bending  them  over  tki 
grooves  of  wheels. 

But  although  this  so  far  diminishes  these  effects  as  to  render  ropei 
practically  useful,  yet  still,  in  calculating  the  power  of  machinery,  it 
is  necessary  to  take  into  account  some  consequences  of  the  rigidity  d 
cordage,  wliich  even  by  these  means  are  not  yet  removed. 

To  explain  the  way  in  which  the  stiffness  of  a  rope  modifies  tlw 
operation  of  a  machine,  we  shall  suppose  it  bent  over  a  wheel,  aad 
stretche<l  by  weights  A  and  B,  fg.  IGl,  at  its  extremities.  The  weighti 
A  and  B  being  equal,  and  acting  at  c  and  D  in  opposite  ways,  baliinee 


Fig.  ICl. 


Fig.  162. 


the  wheel.  If  the  weight  A  receive  an  addition,  it  will  overcome  tbe 
resistance  of  B,  and  turn  the  wheel  in  the  direction  dec.  Now,  for 
the  present,  let  us  suppose  that  tlio  rope  is  perfectly  inflexible;  tbe 
wheel  and  weights  will  be  turned  into  the  position  represented  in  j^. 
162.     The  leverage  by  which  A  acts  will  be  diminished,  and  will  be- 

*  Tbo  details  of  these  experiments  will  be  found  iu  the  published 
of  the  meetings  ot  tbe  UritUb  Association  in  I8o8  and  1841. 
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O  F,  having  been  before  o  c ;  and  the  leverage  by  which  b  acts 
will  be  increased  to  o  o,  having  been  before  o  D. 

But  the  rope,  not  being  inflczibloy  will  yield  to  the  effect  of  the 

veighta  a  and  b,  and  the  parts  A  o  and  B  D  will  be  bent  into  the 

as  represented  in  ^g.  163.     The  preponderating  weight  a  still 

ft  leas  leverage  thui  the  weight  b,  and  consequently,  a  propor- 

late  part  of  the  effect  of  the  moving  power  is  lost 

The  extent  to  which  the  rigidity  of  cordage  affects  the  motion  of 

Baehinery  has  been  ascertained  by  experiment  in  a  still  more  iiiipcr- 

feet  manner  than  the  results  of  friction.     Many  incidental  circum- 

fltonoes  vary  the  conditions;  so  as  to  throw  great  difficulties  in  the 

vaj  of  sach  an  investigation.     Different  ropes,  and  the  same  ropes  at 

A&rent  times,  produce  extremely  different  effucts,  influenced  by  tlio 

drramstanccs  of  their  dr}'ness  or  humidity,  the  quality  of  their  ina- 

toial,  the  mode  in  which  they  are  prepared  and  twisted,  &c.     Those 

efaeumstancesi  it  is  evident,  do  not  admit  of  being  estimated  or  cx- 

ymatd  with  any  degree  of  accuracy.     It  may,  however,  be  stated 

foaerally  that  the  resistance  produced  by  the  rigidity  of  a  rope  is  di- 

nedy  proportional  to  the  weight  that  acts  upon  it,  and  to  its  thick- 

MM.     Other  things  being  the  same,  it  is  also  in  the  inverse  pntportion 

of  the  diameter  of  the  wheel  or  axle  upon  which  the  rope  is  c<iilcd ; 

the  greater  the  weights,  therefore,  which  are  moved,  and  the  stronger 

the  ropes,  the  greater  will  be  the  resistance  proceeding  from  rigidity ; 

iBd,  on  the  other  hand,  the  greater  the  diameter  of  the  wheel  or  axle 

OD  which  the  rope  runs,  the  less  in  proportion  will  be  the  force  ncces* 

mry  to  overcome  the  rigidity. 

The  resistance  from  new  ropes  is  greater  than  from  those  of  the 
Mme  quality  which  have  been  some  time  in  use.  Hopes  saturated 
with  moisture  offer  increased  resistance  on  that  account. 

580.  Ejmpirical  formula  far  delerm'ming  the  effects  of  the  ri- 
gidity of  ropes,  — The  following  rule  for  ascertaining  the  effects  of 
rigidity  is  given  in  Peschel :  — 

"It  has  been  experimentally  proved,  that  a  weight  of  1  lb.,  hang- 
ing on  an  axis  of  1  inch  in  diameter  by  a  cord  1  line  thick,  rc(juiros 
a  resistance  of  half  an  ounce,  or  ^^  of  a  lb.,  on  account  of  the  stiff- 
oesB  of  the  rope.  Assuming  this  law  as  the  basis  of  our  calculations, 
and  keeping  in  view  the  proportions  named  above,  we  may  find  the 
friction  of  the  ropes  in  any  machine.  Suppose,  for  instance,  that 
from  an  axle  8  inches  in  diameter,  there  is  suspended  a  weight  of 
1600  lbs.  by  a  rope  16  lines  in  thickness;  then,  by  the  above  rule, 
if  the  rope  were  1  line  thick,  and  the  roller  1  inch  in  diameter,  the 
resistance  would  bo  J^f  J^,  or  50  lbs. ;  but  since  the  former  is  10 
lines  thick,  it  would,  if  moved  around  a  1-inch  axle,  be  50  X  10  = 
800  lbs. ;  the  axle,  however,  is  8  inches  in  diameter,  whence  the  exact 
resistance  is  'S*  =  100  lbs.     Or,  in  general  terms,  if  d  be  the  dian.e- 
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ter  of  the  axis  in  inches,  d'  that  of  the  rope  in  lines,  and  w  tkc 
weight  in  lbs.  to  be  moved,  the  resistance  of  the  friction  will  be 

d  w   „ 
i*l  a 

581.  Resistance  of  fluids.  —  Since  all  the  motions  which  eon- 
monly  Uike  place  on  the  surface  of  the  earth  are  made  in  the  atmo- 
ephere  or  in  water,  it  is  of  great  practical  importance  to  ascertain  the 
laws  which  gr>vem  the  resistance  offered  by  these  fluids  to  the  motioa 
of  bodies  passing  through  them. 

A  bo<Iy  moving  through  a  fluid  must  displace  as  it  proceeds  m 
much  of  that  fluid  as  fills  the  space  which  it  occupies;  and  in  thn 
imparting  motion  to  the  fluid,  it  loses  by  reaction  an  equivalent  qau- 
tity  of  its  momentum. 

If  a  bo<ly  thus  moving  were  not  impelled  by  a  motive  force  in  coi- 
stant  action,  it  would  be  gradually  deprived  of  its  momentum,  and  it 
length  brought  to  rest.  Ilence  it  is,  that  all  motions  which  tib 
place  on  the  surface  of  the  earth,  and  which  are  not  sustained  by  the 
constant  action  of  an  impelling  power,  are  observed  gradually  to  di- 
minish, and  ultimately  cease. 

Since  the  resistance  produced  by  a  fluid  to  the  motion  of  a  solid 
through  it  is  equivalent  to  the  momentum  imparted  by  the  solid  to 
the  fluid,  which  it  thrusts  out  of  its  way  in  its  motion,  it  follows  en- 
dent  1y  that,  other  things  being  the  same,  this  resistance  will  be  pio- 
portional  to  the  density  or  weight  of  the  fluid.  Thus  the  resistaooe 
pro<luced  by  air  is  less  than  that  produced  by  water,  in  the  proportion 
of  the  weight  of  air  to  the  weight  of  an  equal  bulk  of  water. 

The  resistances  are  proportioned  to  the  quantity  of  the  fluid  which 
the  moving  body  tlirusts  from  the  path ;  and  this  again  depends  apon 
the  form  and  magnitude  of  the  body,  and  more  especially  on  iti 
frontage. 

682.  Resistance  depends  on  the  frontage  of  the  moving  hodf. — 
The  resistance  which  a  body  encounters  in  moving  through  a  fluid  is 
greater,  therefore,  with  a  broad  end  foremost,  than  with  a  narrow  end 
foremost.  A  ship  would  evidently  encounter  a  much  greater  resiit- 
ance  if  it  were  driven  sideways,  than  if  it  move  in  the  direction  of 
the  keel.  It  would  also  encounter  a  greater  resistance  if  it  moved 
stem  foniniost  than  in  the  usual  direction. 

The  blade  of  a  sword  would  be  wielded  with  difficulty  if  moved 
with  its  flat  side  against  the  air,  whereas  it  is  easily  flourished  when 
moved  eilge  foronmst. 

583.  Mso  ajftcted  by  the  form  of  the  front. — Bodies  whose  fore- 
most ends  have  the  form  (»f  a  wedge  or  a  point,  move  through  a  fluid 
with  less  resistance  than  if  the  pointed  ends  were  cut  off  and  thej 
presented  a  flat  surface  to  the  fluid  medium,  because  in  their  motioa 
"«?£  upon  the  principle  of  lV\e  wed^,  «cad  mote  easily  cleave  tiw 
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Irfd.     Nature  has  formed  birds  and  ^hcs  in  tLis  manner  to  facilitate 
leir  passage  through  the  air  and  through  the  water. 

5Si.  Increases  in  a  high  ratio  with  the  speed. — The  rcsist^incc  which 
I  body  moving  through  a  fluid  encounters,  increases  in  a  high  ratio 
vith  its  velocity. 

If  the  body  moTS  with  the  velocity  of  one  foot  per  second,  it  will 
let  in  each  secoixl  upon  a  column  of  the  fluid,  whose  base  is  equal  to 
ito  own  transverse  section,  and  whoso  length  is  one  foot,  and  it  will 
'mpel  such  a  column  with  a  velocity  of  one  foot  per  second ;  but  if 
llie  velocity  of  the  moving  body  be  doubled,  it  will  not  only  drive 
before  it  in  one  second  a  column  of  fluid  two  feet  long — that  is,  double 
the  former  length,  but  it  will  impel  this  column  with  double  the 
famer  speed. 

The  resistance,  therefore,  will  be  doubled  on  account  of  the  double 
i|Hntity  of  the  fluid,  and  again  doubled  on  account  of  this  quantity 
neeiving  double  the  velocity. 

The  moving  force,  therefore,  imparted  by  the  body  to  the  fluid 
lAuk  the  velocity  is  doubled,  will  be  increased  in  a  fourfold  pro- 
fortion. 

In  the  same  manner  it  may  be  shown  that  if  the  velocity  of  the 
Uy  be  increased  in  a  threefold  proportion,  it  will  drive  from  its  path 
three  times  as  much  of  the  fluid  per  second,  and  impart  to  it  three 
tiaes  as  great  a  velocity;  consequently,  the  moving  force  which  it 
will  impart  to  the  fluid  will  be  nine  times  that  which  it  imparted 
■oving  at  the  rate  of  one  foot  per  second. 

In  general,  therefore,  it  follows  that  the  moving  force  which  the 
body  imparts  to  the  fluid  in  moving  through  it,  will  be  increased  in 
proportion  to  the  sr|uare  of  the  velocity ;  but  as  the  resistance  which 
the  body  suffers  must  be  equal  to  the  momentum  which  it  imparts  to 
the  fluid,  it  follows  that  the  resistance  to  a  body  moving  through  a 
fnid  will  be  proportional  to  the  square  of  its  velocity. 

585.  Moaniage  of  pondernus  missiles.  —  Hence  it  follows  that 
unles  lose  a  less  porportion  of  their  moving  force  in  passing  through 
the  air,  as  their  weight  is  increased ;  for,  according  to  what  hns  been 
itited,  the  resistance  which  they  suffer  at  a  given  velocity  will  be 
proportional  to  their  transverse  section,  which  in  this  case  is  in  the 
latio  of  the  squares  of  their  diameters;  but  as  their  weight  increases 
as  the  cubes  of  their  diameters,  and  is  proportional  to  their  moving 
foroe,  it  follows  that  in  increasing  their  magnitude  their  moving  force 
is  increased  in  a  higher  ratio  than  the  resistance  they  encounter.  For 
example,  if  two  cannon-balls  have  diameters  in  the  proportion  of  2  to 
3,  the  resistances  which  they  will  encounter  at  the  same  velocity  of 
projection  will  be  in  the  ratio  of  4  to  9,  while  their  weights  will  be  in 
the  ratio  of  8  to  27. 

The  resistance,  therefore,  of  the  smaller  ball  will  bear  U)  ita  >Kd^t 
M  greater  mtio  than  that  of  the  larger. 
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586.  Resistance  of  the  air  to  the  motion  of  f Ming  bodies.  —  B 
has  been  shown  that  a  body  obedient  to  the  action  of  gravitj  woaU 
descend  in  a  vertical  line  with  a  uniformly  aooelcnted  motion.  Its 
Telocity  would  increase  in  proportion  to  the  time  of  its  fidl,  so  that  id 
ten  seconds  it  would  acquire  ten  times  the  velocity  which  it  acqniied 
in  one  second ;  but  these  conclusions  have  been  obtained  on  the  rap- 
position  that  no  mechanical  agent  acts  upon  the  body,  save  gnvitj 
itself.  If,  however,  the  body  fall  through  the  atmosphore,  which  ia 
practice  it  must  always  do,  it  encounters  a  resistance  which  angnMOU 
with  the  square  of  the  velocity.  Now,  as  the  accelerating  force  of 
gravity  docs  not  increase,  while  the  resistance  continually  increues, 
this  resistance,  if  the  motion  be  continued,  must  at  leneth  beoDoe 
equal  to  the  gravitation  of  the  falling  body;  and^  when  it  does^  the 
velocity  of  the  falling  body  will  cease  to  increase.  It  ibliows,  then- 
fore,  that  when  a  body  falls  through  the  atmosphere,  its  rate  of 
acceleration  is  continually  diminished ;  and  there  is  a  limit  heyoBd 
which  the  velocity  of  its  fall  cannot  increase,  this  limit  being  Jeter 
mined  by  that  velocity  at  which  the  resisting  force  of  the  air  will 
become  equivalent  to  the  gra^-ity  of  the  body. 

As  the  resisting  force  of  the  air,  other  things  being  the  same,  incresM 
with  the  magnitude  of  the  surface  presented  in  the  direction  of  the 
motion,  it  is  evidently  possible  so  to  adapt  the  shape  of  the  felliu 
body  that  any  required  limit  may  be  impressed  upon  the  velocity  of 
its  descent.  It  is  upon  this  principle  that  parachutes  have  been  con- 
structed. 

When  a  body  attached  to  a  parachute  is  disengaged  from  a  baUoon, 
its  descent  is  at  first  aceclcrated,  but  very  soon  becomes  uniform,  and 
as  it  approaches  tiie  earth,  the  air  becoming  more  and  more  dense, 
the  resistance  on  that  account  increases,  and  the  fall  becomes  BtiU 
more  rctanlod. 

The  theory  of  projectiles,  which  is  founded  upon  the  auppontian 
of  b<xlies  moving  in  a  vacuum,  is  rendered  almost  inapplicable  in 
practice,  in  cons(?qucnco  of  the  great  effect  produced  by  atmospherie 
resistance  to  boilies  moving  with  such  a  velocity  as  that  which  if 
^ncnilly  imparted  to  missiles.  According  to  experiments  and  eaka- 
lations,  it  has  been  found  that  a  4-1  b.  cannon-ball,  the  range  of  which 
in  a  vacuum  would  be  23,226  feet,  was  reduced  to  6,437  feet  by  the 
resistance  of  the  air.  Uutton  showed  that  a  6-lb.  ball,  projected  with 
a  velocity  of  2000  feet  per  second,  encountered  a  resistance  a  hun- 
dred times  greater  than  its  weight. 
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587.  Strength  of  solid  bodies,  —  The  Bolid  materials  of  wbich 
itructnres,  natural  and  artificial,  are  composed,  are  endued  with  cer- 
tain powersy  in  virtue  of  which  they  are  capable  of  rcMsting  forces 
applied  to  bend  or  break  them.  These  powers  constitute  an  impor- 
tant class  of  resisting  forces,  and  are  technically  called  in  mechanics 
the  strength  of  materials. 

Experimental  inquiries  into  the  conditions  which  determine  the 
■tieneth  of  solid  bodies^  and  their  power  to  resist  forces  tending  to 
tear,  break,  or  bend  them,  are  obstructed  by  practical  difficulties,  the 
nature  and  extent  of  which  have  deterred  many  from  encountering 
them. 

588.  Difficulty  of  ascertaining  its  laws,  —  These  difficulties  arise 
puily  from  the  great  force  which  must  be  employed  in  such  experi- 
ments, but  more  from  the  peculiar  nature  of  the  bodies  upon  which 
tneh  experiments  are  made. 

Hie  object  of  such  an  inquiry  must  necessarily  be  the  establish- 
flient  of  a  general  law,  or  such  a  rule  as  would  be  strictly  observed 
if  the  materials  were  perfectly  uniform  in  their  texture,  and  subject 
to  no  casual  inequalities.  In  proportion,  however,  as  such  inequali- 
ties are  frequent,  experiments  must  be  multiplied,  so  that  they  shall 
indnde  cases  varying  in  both  extremes,  so  that  the  peculiar  effects  of 
each  may  be  effiiced  from  the  general  average  result  which  shall  be 
obtuned.  These  inequalities  of  texture,  however,  are  so  great,  that 
even  when  a  general  law  has  been  established  by  a  sufficiently  exten- 
nve  series  of  experiments,  it  c^n  only  bo  regarded  as  a  mean  result 
from  which  individual  examples  will  be  found  to  depart  in  so  great  a 
degree,  that  the  greatest  caution  must  be  observed  in  its  practical  ap- 
plication. 

Although  the  details  of  this  subject  belong  more  properly  to  engi- 
neering than  to  an  elementary  treatise  like  the  present,  it  may  never- 
theless be  useful  to  give  a  general  view  of  the  most  important  princi- 
ples which  have  been  established. 

589v  Several  ways  in  which  strength  may  be  manifested,  —  A 
mass  of  solid  matter  may  be  submitted  to  the  action  of  a  force  tend- 
ing to  separate  its  parts  in  several  ways,  of  which  the  principal  are— 

I.  A  direct  pull ;  as  when  a  weight  is  suspended  to  a  wire  or  a 

rope,  or  when  a  tie-beam  resists  the  separation  of  the  walls  of 
a  structure. 

II.  A  direct  pressure  or  thrust ;  as  when  a  weight  rests  upon  a 

mllar,  or  a  roof  upon  walls. 
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III.  When  a  force  is  applied  to  twist  or  wrench  a  body  asunder 
by  turning  a  part  of  it  round  a  point  within  it 

lY.  A  transverse  strain }  as  when  a  beam^  beinff  supported  at  its 
centre,  weights  arc  suspended  from  its  ends ;  or,  being  sup- 
ported at  its  ends,  a  weight  is  suspended  from  its  centre. 

590.  The  strength  to  resist  a  direct  pull.  —  When  a  rod,  rope,  or 
wire  is  extended  between  forces  applied  to  its  ends,  and  tending 
directly  to  stretch  it,  its  strength  to  resist  such  force  is,  other  things 
being  the  same,  in  proportion  to  the  magnitude  of  its  section. 

Thus,  suppose  an  iron  wire  stretched  by  a  weight  which  it  is  just 
able  to  support  without  breaking.  It  is  evident  that  a  wire  having 
twice  the  quantity  of  iron  of  the  same  quality  in  its  thickness  woukl 
support  double  the  weight,  because  such  wire  would  be  in  effect  equi- 
valent to  two  wires  like  the  former  combined.  In  the  same  manner, 
a  wire  having  three  times  the  quantity  of  iron  of  the  same  quality  in 
its  thickness,  being  equivalent  to  three  wires  like  the  first^  would  sup 
port  three  times  the  weight,  and  so  on. 

Thus  the  power  of  lx>dics  to  resist  a  direct  pull  will  be  in  general 
in  proportion  to  the  area  of  their  transverse  section. 

Id  practice,  it  is  found  that  when  the  length  is  much  increased,  the 
strength  to  resist  a  direct  pull  is  diminished. 

Tim  departure,  however,  from  the  general  law  is  explained  by  the 
increased  probability  of  casual  defects  of  structure  in  the  increased 
length;  and,  subject  to  such  qualification,  it  may  be  stated  generally, 
that  the  strength  of  body  to  resist  tension,  or  a  direct  pull  drawing 
from  end  to  end,  is  in  the  direct  ratio  of  the  area  of  its  section  made 
at  right  angles  to  the  direction  in  which  it  is  stretched. 

591.  Method  of  eJiKrlmcntaUy  measuring  it,  —  The  strength  of 
bodies  to  resist  a  direct  pull  is  experimentally  estimated  by  attaching 
the  upper  extremity  securely  to  a  point  of  support,  and  suspending 
weights  to  the  lower  extremity,  which  are  increased  mdually  untu 
the  body  under  experiment  is  broken,  the  weight  which  breaks  it  is 
taken  as  the  expression  of  its  strength. 

The  bodies  which  have  been  subjected  to  experiments  of  this  kind 
are  chiefly  metals,  woods,  and  ropes,  these  being  most  generally  used 
in  structures,  in  which  their  capacity  for  resisting  tension  is  of  great 
importance,  as  in  suspension  bridges,  iron  roofs,  cables,  cordage,  &c. 

592.  Table  showing  the  most  recent  results  of  such  experiments, -^ 
In  the  following  table  are  collected  the  results  of  the  most  recent  and 
extensive  experiments  on  this  subject. 

The  bodies  subjected  to  experiment  are  supposed  to  be  in  the  form 
of  long  rods,  the  cross  section  of  which  measures  a  square  inch.  In 
the  second  column  is  given  the  amount  of  the  breaking  weights,  which 
are  the  measure  of  their  strength. 

Tojs  table  is  selected  from  various  recent  works.     (See  next  pogt.) 
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fABtM  tHOWUlO  THB  STmUOni  WITH  WSIOH  PBlSMf  Of  TRX  UVDULMXHTIOVBD 

SUBSTAXOU  BBSI8T  ▲  DIKIOT  Pu&L,  BZPmiMBD  IV  LbS.  PBB.  SqUAEB  LiOB 

OV  THM  ABIA  OT  TBXIB  TBAXtTBBM  SlOTIOV. 

Mmm.  Iba.                Iba. 
1st  Hetels:— 

Steel,  Qntempered      •       •       •        from  110,690  to  127,094 

_    tempered       ....'*  114,794  —  168,741 

—  OMt ««  184,266 

Iron^ber «<  58,182—  84,611 

—  pUte,  roUed      .        .        .        .  •«  68,920 

—  wire <«  68,780  —  112,906 

—  Swedidi  malleable     .        •        .  **  72,064 
_    Bni^iiali       do.        •        .        •      ««  66,872 

—  oaat '*  16,248—  19,464 

SUTer,  cast "  40,997 

Copper,  do ««  20,820—  87,880 

—  hammered      .        .        .        .      "  87,770—  89,968 
Brass,  cast ««  17,947—   19,472 

—  wire "  47,114—  68,981 

—  pUte •'  62,240 

Gold "  20,490—  66,287 

1^    . «  8,228—     6,666 

—  oast "  4,786 

ttsmath,  east *'  8,187 

23110 "  2,820 

AntlmoDy,  oast **  1,062 

Lead,  molten          ....'*  887—     1,824 

—  wire "  2,648—     8,828 

Sd.  Woods:— 

Teak "  12,916  to  16,406 

Sjeamore            **  9,680 

Beeoh **  12,226 

Bm <<  9,720—   16,040 

Kernel  fir "  9,640 

Christiaiis  deal  .    '     .        .        •        .  "     ^      12,846 

L*roh '«  12,240 

Oak *'  10,867—  26,861 

Alder "  11,468—  21,780 

lime "  6,991—  20,796 

Box "  14,210—  24,048 

Finns  btIt. «•  17,066—   20,896 

Ash "  18,480—   28,466 

Pine "  10,088—   14,966 

nr ««  6,991—   12,876 

8d.  Cords:— 

Hemp  twisted 

I  to  1  inch  thiok         .        •        •  8,746 
lto8        "            .        .        .        .        6,800 

8  to  6        "         .        .        .        .  6,846 
6  to  7        "            .        .        .        .       4,860 

593.  JSroii  ike  most  ienaciouM :  effect  of  alloys.  —  From  this  tahb 
it  appeal*  that  the  strongest  of  the  bodies  for  resiBtiDg  tension  is  iron. 
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and  that  the  strongest  enndition  of  iron  is  that  of  tempered  steel.  In 
general,  metals  when  cast  are  less  strong  than  when  hammered. 
Thus,  cast  iron  has  not  one-third  of  the  tenacity  of  wronght  iron. 

It  is  a1^  found  that  metals  which  are  composed  of  two  or  moro 
alloyed  to;;('ther  arc  often  stronger  than  any  of  their  components. 
Tlius,  brass  wire,  which  is  compcwed  of  zinc  and  copper,  Las  greatei 
tenacity  than  copper  wire,  although  the  tenacity  of  linc^  as  appears 
by  the  table,  is  extremely  small. 

594.  Kfffct  of  heat.  —  It  is  also  found  that  the  strength  of  metils 
is  affected  by  their  temperature,  being  diminished  in  general  as  their 
tempeniture  is  raised.  Sudden,  frequent,  and  extreme  changes  of 
tcmiK'niture  impju'r  tenacity. 

505.  Strength  of  timber.  —  The  woods  are  subject  to  extreme 
variations,  pn^uccd  in  general  ])y  the  great  inequalities  which  m 
incident'd  to  them.  Thus  the  strength  of  oak  varies,  as  appcan  bj 
the  table,  between  the  limits  of  10,000  and  25,000  lbs. 

It  is  found  that  trees  which  grow  in  mountunous  places  have 
greater  strength  than  those  which  grow  on  plains,  and  also  that  dif- 
ferent parts  of  the  same  tree,  such  us  the  root,  trunk^  and  branches, 
vary  in  strength  within  wide  limits. 

500.  Strength  of  cordage.  —  It  is  found  that  cords  of  equal 
thickness  are  strong  in  proportion  to  the  fineness  of  their  strands,  tnd 
also  to  the  fineness  of  the  fibres  of  which  these  strands  arc  composed. 
It  is  found  also  that  their  strength  is  diminished  by  being  ovcrtwisted. 
Hopes  which  are  damp  are  stronger  than  n)pes  which  are  dry,  thoee 
whicli  are  tarred  than  the  unturred,  the  twisted  than  the  spun,  and 
the  unbleached  than  the  bleached.  Otlier  things  being  the  same, 
silk  ropes  are  three  times  stronger  than  those  composed  of  flax. 

The  strength  of  many  substances  is  increased  by  compressing  them; 
this  is  the  case  with  leatlier  and  paper,  for  example. 

507.  Jinimal  substances.  —  Animal  and  vegetable  substances  which, 
being  originally  liquid,  are  rendered  solid  by  evaporation,  change  of 
temperature,  or  exposure,  often  possess  extraordinary  strength.  Ex- 
amples of  this  are  presented  in  the  gums,  glue,  varnish,  &c.  Couot 
Kumford  found  that  a  copper  plate  having  tlie  thickness  of  l-20th  of 
an  inch,  rolled  into  the  form  of  a  cylinder,  had  its  strength  doubled 
when  coated  with  well-sized  paper  of  double  its  own  thickness;  and 
that  a  cylinder  composed  of  sheets  of  pajKir  glued  together,  having  s 
(sectional  area  of  one  scjuare  inch,  was  capable  of  supporting  a  weight 
of  15  tons  for  every  square  inch  in  its  sectional  area;  and,  in  fine, 
that  a  cylinder  composed  of  hempen  fibres  glued  together  had  a 
strength  greater  than  that  of  the  best  iron,  being  capable  of  support- 
ing 46  tons  j)cr  srpiare  inch  of  sectional  area. 

{?98.  Strength  to  resist  pressure  or  direct  thrust.  —  According 
to  the  theory  of  Eulcr,  the  strength  of  a  column  composed  of  any 
JButeml  and  of  any  prismatic  form  to  resist  the  onuliiiig  fbroe  of  t 
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weight  placed  upon  it^  increafies  as  the  square  of  the  number  express- 
ing its  sectional  area  divided  by  the  square  of  the  number  expressing 
its  height 

This  law,  which  is  of  great  practical  importance  on  account  of  its 
application  to  architectural  purposes,  is  found  to  be  in  very  near  ac- 
cordance, within  practical  limits,  with  the  experiments  of  Musschen-i 
brock  and  others;  and  more  recently  with  the  still  more  extcnsiv, 
expcrifments  of  M.  Eaton  Hodgskinson  made  on  pillars  of  wroug  t 
iit>n  and  timber. 

It  18  necessary  to  observe  here,  that  when  the  height  is  reduced  to 
A  very  small  magnitude,  the  pillar  is  more  easily  crushed  than  would 
be  indicated  by  uiis  law.  Exceptions  are  also  presented  in  the  case 
of  pillars  fohned  of  particukr  materials;  such,  for  example,  as  cast 
iron,  which  M.  Hodgskinson  found  to  vary  in  rather  a  higher  propor- 
tion in  reference  both  to  the  sectional  area  and  to  the  height. 

According  to  Eytelwein's  experiments,  the  strength  of  rectangular 
columns  to  resist  compression  is  directly  as  the  product  of  the  larger 
ride  of  their  section  multiplied  by  the  cube  of  its  shorter  side,  and 
inversely  as  the  square  of  Uieir  height. 

This  will  coincide  with  that  of  Euler  when  the  pillar  is  square. 

599.  Tables  showing  the  strength  of  columns.  —  Ejrtelwein  gives 
the  following  table  of  the  weights  necessary  to  crush  pillars  com- 
posed of  the  materials  expressed  in  the  first  column^  the  numbers  ex^ 
pressed  m  the  second  column  being  the  total  crushing  weights  in  lbs, 
per  square  inch. 

Mam*.  lbs.  lbs. 

1.  Metals  :— 

Cast  iron from  115,818  to  177,776 

Brass,  line '*    164,864 

Copper,  molten "    117,088 

M         hammered  .        •        •        •        •        **    108,040 

Tin,  molten '*      15,456 

Lead,  molten '*        7,728 

2.  Woods: — 

Oak        .•..•..      from  8,860  to  5,147 

Pine "  1.928 

Finns  BjlT "  1.606 

Elm "  1,284 

8.  Stones: — 

Qneiss "  4,970 

Sandstone,  Rothenburg  .        •        •        •  "  2,556 

Brick,  well  baked **  1,092 

600.  Results  of  Hodgskinson* s  researches.  —  Mr.  Hodgskinson 
gives  the  following  results  of  his  experiments  as  to  the  strength  of 
timber  pillars.  (For  TablCy  see  next  page.) 
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TABLE. 


Desaiptkm  of  Wood. 


Alder.     .    . 
Ash.     .     .     . 
Bay  .     .    . 
Be«ch  .     .     . 
English  Biroh 
Cedar    .    .     . 
Red  Deal    . 
White  Deal   . 
Elder     .    . 
Elm.    .     .    . 
Fir  (spnioe) 
Mahogany 
Oak,  Quebeo 

—  English . 
Pine,  Pitch 

—  Red.     . 
Poplar    .     . 
Plum,  dry.     • 
Teak .     .     . 
Walnut      .     . 
Willow   .     . 


diy. 


6,881 
8,688 
7,618 
7,788 
8,297 
6,674 
6,748 
6,781 
7,461 

6,409 
8,198 
4,281 
6,484 
6,790 
6,896 
8.107 
8,241 

6,068 


iilflTfOliMlld 

to  dxytaff    ' 


6,960 
9,868 
7,618 
9,868 
6,402 
6,868 
6,686 
7,298 
9,978 

10,881 
6,819 
8,198 
6,968 

10,068 
6,790 
7,618 
6,124 

10,498 

12,101 
7,227 
6,128 


The  numbers  in  the  first  column  are  the  number  of  lbs.  per  squire 
inch,  deduced  from  experiments  made  on  cylinders  one  inch  in  diame- 
ter and  two  inches  in  height,  with  flat  sides,  the  wood  being  mode- 
rately dry. 

The  second  column  cives  the  strength  of  similar  pillars  of  Had 
same  woods  which  have  been  subjected  to  a  drying  process  in  a  wirm 
place  for  two  months  and  upwards. 

The  great  difference  in  the  strength  of  the  two  cases,  shows  in  t 
striking  manner  the  effect  of  dryness  upon  the  strength  of  timber. 

601.  Strength  to  resist  torsion.  — Neither  theory  nor  experiment 
has  thrown  much  light  on  the  laws  which  govern  this  mode  of  resist- 
ance to  the  separation  of  the  constituent  parts  of  bodies.  The  fol- 
lowing results,  showing  the  comparative  strength  of  varioos  metalfl^ 
were  obtained  from  a  series  of  experiments  made  by  Mr.  Rennic. 
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Tablb  tHOwno  TRx  coKPAmATiyi  Stkbxqth  or  taiuous  Mitals 
TO  BMiST  Tomaiov. 

Lead 1,000 

0^ 1,488 

Ck»pper 4,812 

BnM 4,688 

Gonmettl 6,000 

Swedish  iron 9,500 

English  iron 10,126 

Cast-iron    . 10,600 

Blaster-steel 16,688 

Shear-steel 17,068 

Oast-steel 10,662 

It  18  staled  by  M.  Btaakea,  that  a  square  bar  of  cast-iron  which 
wcmld  measure  an  inch,  is  wrenched  asunder  by  an  average  force  of 
681  lbs.  applied  at  the  extromity  of  a  lever  two  feet  lon^. 

602.  Strength  to  resist  transverse  strain. — ^Bodies  submitted  to  a 
transverse  strain  are  usually  considered  as  having  the  form  of  pris- 
matio  beams,  at  right  angles  to  which  the  strain  is  applied.  A  pris- 
matio  beam  is  one,  all  whose  transverse  sections  are  equal  and  similar 
figures,  and  the  character  of  the  beam  is  determined  by  the  figure  of 
t&s  section.  Thus,  a  cylindrical  beam  is  one  whose  transverse  sec- 
tion is  a  circle ;  a  rectangular,  one  whose  transverse  section  is  a  right- 
angled  parallelogram ;  a  square,  whose  transverse  section  is  a  square ; 
ind  so  on. 

The  force  producing  the  strain  may  be  resisted  by  one  or  by  two 
points  of  support,  in  the  latter  case  the  weight  being  placed  between 
these  two  points.  • 

(joae  of  a  beam  supported  at  one  end,  —  In  the  first  case,  let  b  o, 
j^,  164.,  be  a  prismatic  beam,  fixed  in  a  wall,  or  other  vertical  means 
oi  support,  at  B  a,  and  let  a  weight  w  be  supported  from  its  end  0. 
We  shall,  for  the  present,  omit  the  consideration  of  the  weight  of  the 
beam  itself. 
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Fig.  164. 


Fig.  169. 
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The  effect  of  the  weight  w  prodaoed  at  B  A  will  be  to  tnni  the 
beam  rannd  the  point  a,  as  if  it  were  a  hinj^,  as  represented  in  fg. 
ir>o.  aud  thus  to  tear  asnnder  the  fibres  which  unite  the  parts  of  tSa 
body  forming  its  transverse  section  at  B  A. 

Let  f  be  the  force  coiresponding  to  the  unit  of  aur&oe  of  this  sec- 
tion :  lot  A  be  the  area  of  the  section;  thenyx  A  will  express  the 
total  forvo  of  the  bodj  over  the  whole  surface  of  the  section.  Bat  if 
the  K>am  tends  to  turn  round  the  point  A  as  a  fulcrum^  this  force  acts 
by  a  lovorage  at  each  point,  corresponding  to  the  distance  of  soch 
(vint  from  A.  The  total  force  expressed  bjy  X  A  mar  therefore  be 
considered  as  having  an  average  leverage,  determined  by  llie  vaiiolu 
distances  of  all  the  parts  in  the  section  m>m  a  horisontal  line  posang 
thnnigh  A. 

Now  the  point  determined  bj  these  conditions  is  the  ctntrt  <^ 
gravity  of  the  section  of  the  beam  at  A  b.  Let  the  distance  of  tus 
centre  of  gravity  from  the  horiiontal  line  passing  thiongh  the  point 
A  K«  c ;  we  shadl  then  have  the  offset  of  the  forees  of  cohesion  by 
which  the  body  is  united  in  the  sur&oe  of  the  section  expressed  bj 
fxx  X  c.  Against  this  the  weight  w  acts  with  the  le?erage OB; 
that  is  to  say,  the  length  of  the  beam. 

In't  this  length  be  expressed  bj  i^  and  we  shall  havej  aooording  to 
the  properties  of  the  lever, 


w 


X  L=/X  A  X  e, 


and  therefore 


w=/x 


XC 


It  apiK'are  from  this,  therefore,  that  the  weieht  necessary  to  too- 
ture  a  in^am  placed  in  this  manner,  will  be  in  the  direct  ratio  of  the 
area  of  the  transverse  section  multiplied  by  the  height  of  the  centre 
of  gravity  alxn-e  the  lowest  point  of  this  section,  and  divided  by  the 
length  of  the  Warn. 

For  l)eauis  of  the  same  len^h,  their  strength  is  proportional  to  the 
area  of  their  section,  multij^ed  by  the  distance  of  the  centre  of 

gravity  above  the  lowest 
point ;  and  for  beams  of  the 
same  section,  the  strength 
is  inversely  as  their  length. 
By  the  length  of  Uie 
beam  in  this  case  is  to  he 
understood  the  distance  of 
the  part  of  the  beam  at 
which  the  weight  is  sus- 
pended from  the  point  of 
support 
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603.  Case  of  a  heam  mpparied  ai  bath  ends, — Let  ub  now  con- 
■der  the  eue  in  which  the  body  is  sapported  at  two  points,  the 
hRtkiog  w^bi  being  placed  at  some  intermediate  point.  Let  such 
a  heim  be  repreaenled  in  J^.  166,  sapported  at  the  points  d  and  o, 

^  the  weight  being  placed  at 
an  intermediate  point  a. 
In  this  case,  the  tendency 
of  the  weight  is  to  ruptnre 
the  fibres  in  the  vertical 
section  of  the  beam  pass- 
ing through  A,  and  in  do- 
ing so,  the  beam  would 
bieak  as  if  a  hinge  were 
placed  at  A,  on  the  upper 
surface  of  the  section  sup- 
porting the  weight,  as  re- 
presented in  Jig.  167. 
The  fracture  may  in  this  case  be  considered  to  be  produced  by  the 
RMtioa  of  the  points  of  support  D  and  o. 

To  determine  the  effects  of  this  reaction,  we  are  to  consider  that, 
\j  the  properties  of  the  lever,  the  part  of  the  weight  which  acts  at  o 
Ib  expressed  by 

W  X , 

CD 

lod  the  part  of  the  weight  which  acts  at  D  as  expressed  by 


Fig.  167. 


w  X 


OA 
CD* 


But  the  former  of  these  acts  upon  the  section  at  A  with  the  lever- 
age o  A,  and  the  latter  with  the  leverage  da.  K  each  be  therefore 
moltiplied  by  its  respective  leverage,  we  find  that  the  effect  of  each 
of  thoe  actions  in  producing  the  fracture  at  A  will  be  expressed  by 


^^DAX^OA. 


the  total  effect  therefore  will  be 
2  wx 


CD 


DA  X  OA 


OD 


Agunst  this  force  the  strength  of  the  beam  acts,  and  the  strength 
of  the  beam  at  the  section  a  is  determined  and  expressed  in  exactly 
the  same  manner  as  in  the  former  case,  except  that,  in  the  present 
case,  the  average  leverage  by  which  the  strength  of  the  fibres  resists 
ruptore,  is  the  distance  of  the  centre  of  gravity  below  the  highest 
pomt  A  of  the  section.    Expressing  ihia  distance  as  before  \)7  c^  "^^e 
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shall  have  the  condition  of  eqailibriam  at  the  moment  of  fiieture  es- 
pressed  by 

2wX?AiL^=/XAXc. 
CD 

This  may  be  simplified  in  the  following  manner : — 
Let  M,^.  166.,  be  the  middle  point  of  the  beam  between  the  two 
points  of  support,  and  let  a  express  D  M,  half  its  length ;  let  x  ex- 
press M  A,  the  distance  of  the  point  where  the  breudng  weight  is 
placed  from  the  middle  point.  We  shall  then  haYe,  by  well-known 
principles  of  geometry^ 

DA  X  0A=  a* — X*. 

Hence  we  shall  have 

2  W  X  ?!!zi?El=/x  A  X  C, 

and  consequent  y  we  shall  haye 

^     /X  A  X  c  X  a 
a«  — X*       • 

Hence  it  follows  that  if  the  weight  be  placed  at  the  middle  point  be- 
tween the  two  points  of  support,  we  shall  have  X  =  o;  and  const- 
quently, 

^     /X  A  X  c 
a 

It  appears  from  this,  that  the  weight  placed  at  the  centre  of  a  beta, 
between  two  points  of  support  necessary  to  break  it,  is  doable  thit 
which  would  be  sufficient  to  break  the  same  beam  if  it  were  suppoited 
only  at  one  point,  the  weight  being  placed  at  the  other  point. 

Such  are  the  general  practical  principles  for  determining  the  tnuBS> 
verse  strength  of  beams  as  established  by  Gklileo ;  and  although  other 
practical  formulae  have  been  proposed  by  later  writers,  the  above  have 
been  found  in  such  near  accordance  with  the  average  results  of  expe- 
riments made  upon  a  large  scale,  that  they  have  been  generally 
adopted  by  mechanical  writers  as  the  basis  of  their  investigations  upon 
the  strength  of  materials. 

Let  us  now  see  how  the  preceding  formulae  are  modified  for  beams 
of  particular  forms. 

604.  Case  of  rectangular  beams.  —  K  the  beam  be  reetangolar, 
jet  its  breadth  be  h,  its  depth  d,  and  its  length  2  a.  The  distance  of 
the  centre  of  gravity  of  its  section,  therefore,  from  its  upper  or  its 
lower  surface  will  be  |  cf .  Now  the  area  of  its  section  will  be  &  X  it : 
hence  we  have 
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A^hX  d, 
L  =  2a: 


md  oonsequeiiily  we  have,  for  a  beam  sapported  at  one  end, 

hxd* 


W=/x 


TT 


Tn  like  manner,  if  the  beam  be  supported  at  both  ends,  the  weight 
being  placed  at  the  middle,  we  shall  naye 

•^  2a 

If  the  beam  be  square,  its  breadth  will  be  equal  to  its  depth,  and 
the  breaking  weighty  where  there  is  but  one  point  of  support,  will  be 

Mid  when  there  are  two  points  of  support, 

•^     2a 

605.  Haw  the  strength  of  a  beam  is  affected  by  the  form  of  ife 
tratuveree  section,  —  From  the  general  principles  here  established  it 
is  evident,  that,  so  long  as  the  quantity  of  matter  composing  the 
beun,  and  therefore  its  sectional  area,  remains  the  same,  its  strength  will 
be  augmented  by  any  modification  of  form  which  will  carnr  its  centre  of 
mvi^  to  a  greater  distance  from  its  lower  surface,  if  the  beam  have 
bat  one,  and  from  its  upper  surfJEuse  if  it  have  two  points  of  support. 
Some  curious  and  instructive  consequences  ensue  firom  this. 
Thus,  the  strength  of  a  rectan^ar  beam,  when  its  narrow  side  is 
horiiontel,  is  greater  than  when  its  broad  side  is  horizontal,  in  the 
same  proportion  as  the  width  of  its  broad  side  is  greater  than  the 
width  of  its  narrow  side.  Hence,  in  all  parts  of  structures,  where 
beams  are  subject  to  transverse  strain,  as  in  the  rafters  of  floors, 
roofe,  &c.,  they  are  placed  with  their  narrow  sides 
horizontal  and  their  broad  sides  vertical. 

K  a  beam,  supported  at  two  points,  bear  a 
strain  at  any  intermediate  point,  a  given  quan- 
tity of  matter  composing  it  will  have  greater 
strength  if  it  be  so  form^  that  its  area  shall  bu 
less  in  the  upper  part  than  in  the  lower. 

Thus,  a  beam  of  triangular  section,  such  aa 
A  B  Offg'  168.,  will  be  stronger  than  a  rectan- 
Fig,  168.     Fig.  169.  gular  beam  of  equal  section,  such  as  A  B  D  o, 
^.  169,  because  the  centre  of  gravity  of  the 
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triangle  with  its  vertex  upwards,  will  be  farther  from  B  than  that  of 
the  parallelogram  from  B  D. 

But  if  the  beam  be  supported  at  one  pwai  only,  then  the  pogitioa 
of  the  triangle  must  be  inyerted. 

606.  Transverse  strength  of  solid  and  hollow  cylinders.  —  If  t 
solid  and  a  hollow  cylinder  of  equal  lengths  haye  the  same  quantitj 
of  matter,  so  that  their  sectional  areas  shall  be  equal,  then  their 
strength  will  be  proportional,  to  the  distances  of  their  centres  of  gra- 
yity  from  their  external  surface.  But  their,  centres  of  grayih^  being 
at  their  geometrical  centres,  it  follows,  that  the  strength  of  the  solid 
cylinder  will  be  less  than  Uie  strength  of  the  hollow  cylinder,  in  the 
ratio  of  the  diameter  of  the  solid  cylinder  to  the  diameter  of  the 
external  surface  of  the  hollow  cylinder. 

It  appears,  therefore,  that  the  strength  of  a  tube  is  always  greater 
than  the  strength  of  the  same  quantity  of  matter  made  into  a  solid 
rod ;  the  practical  limitation  of  the  application  of  this  principle  being, 
that  the  thinness  of  the  tube  should  not  be  so  great  as  to  cause  a 
local  derangement  of  its  form  by  the  application  of  a  strong  force. 

607.  Examples  in  the  structure  of  animals  and  plants.  —  Iniin- 
merable  striking  and  beautiful  examples  of  this  principle  occur  in  the 
organized  world.  The  bones  of  animals  of  every  species  are  hollow 
cyiiudcrs,  thereby  combining  strength  with  lightness.  The  stalks  of 
numerous  species  of  vegetables  which  have  to  bear  a  weight  at  their 
upper  end  are  also  tubes,  whose  lightness  is  remarkable  when  their 
strength  is  considered. 

These  arc  intended  to  resist  not  only  the  crushing  weight  of  the 
ear  which  they  bear  at  their  summit,  but  also  the  lateral  strain  pro- 
duced by  the  movement  of  the  air. 

The  quills  and  the  plumage  of  birds,  and  especially  of  their  wino, 
present  a  still  more  striking  example  of  the  application  of  this  pnn- 
ciple  in  the  animal  structure.  The  surface  of  the  extended  wing  act- 
ing on  the  air  produces  a  strong  transverse  strain  upon  the  quill, 
which  has  a  single  point  of  support  near  the  joint  of  the  wing. 

The  number  expressed  by/  in  the  preceding  formulsd  is  the  strength 
of  a  beam,  whose  sectional  area  is  the  square  unit,  which  in  Uiis 
case  is  generally  taken  as  the  square  inch.  This  number  is  always 
the  same  for  the  same  species  of  material,  but  different  for  different 
materials.  In  tabulating  the  strength  of  materials  obtained  from 
experiment,  this  is  accordingly  the  number  which  is  taken  to  dedg- 
natc  the  strength  of  each  species  of  substance.  When  this  numb^ 
^  is  known,  the  strength  of  a  beam  of  any  proposed  dimennons  can 
M  immediately  calculated  by  the  formulse :  for  it  is  only  oeoesssir 
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to  moltiplj  this  number  /  bj  the  number  of  square  inches  in  the 
sectional  aiea,  and  the  number  of  inches  in  the  distance  of  the 
centre  of  gravity  of  this  area  from  the  lower  or  upper  surface,  as  the 
case  may  be,  and  to  divide  the  product  by  the  length,  or  by  half  the 
length  of  the  beam,  according  to  circumstances;  and  the  result  of 
this  arithmetical  process  will  ffive  the  breaking  weight :  the  first  alter- 
native being  taken  when  the  beam  is  supported  only  at  one  end. 

It  must  be  understood  that  this  weisht,  and  the  force  expressed  by 
the  number/,  are  to  be  expressed  in  the  same  unit 

608.  TabMlar  staiemenfs  of  the  average  transverse  strength  of 
beams,  —  In  ascertaining  by  experiment  the  average  strength  of  each 
material,  the  number  which  it  is  important  to  determine  is  therefore 
that  which  is  here  expressed  by  f,  and  which  may  be  considered  the 
unit  of  strength,  because,  this  being  once  determined,  the  strength 
of  a  beam  of  the  proposed  materials  of  any  proposed  denomination 
can  be  immediately  computed. 

This  quantity  yean  be  determined  by  direct  experiment  If  the 
amount  of  the  breaking  weight  upon  a  beam  of  given  dimensions  be 
ascertained,  we  shall  know  the  numbers  severally  expressed  hj  w  bd 
and  a  in  the  preceding  formulse ;  and  in  this  case  we  shall  have  for  % 
beam  supported  at  both  ends 

and  for  a  beam  supported  at  one  end 

4a 

In  practice  it  will  be  found  that  the  values  obtained  for  the  number 
/  will  be  subject  to  considerable  variations  in  different  experiments, 
owing  to  casual  inequalities  and  defects  which  affect  each  particular 
beam  submitted  to  experiment. 

The  value  of  /  must  therefore,  for  each  material,  be  obtained  by 
taking  an  average  of  the  results  of  numerous  experiments;  the  casual 
inequalitfes  being  therein  made  to  disappear  from  the  result  in  pro- 
portion to  the  number  and  variety  of  trials. 

609.  TVedeold's  table  of  the  transverse  strength  of  metals  and 
woods. — In  uie  following  table  is  given  the  results  of  a  series  of 
experiments  made  by  Tredgold  upon  the  transverse  strength  of  pris- 
matic beams.  The  numbers  in  the  second  column  represent  the 
values  of  y  in  the  preceding  formulae,  while  the  numbers  in  the  third 
column  express  the  number  of  lbs.  weight  in  a  cubic  foot  of  the  ma- 
terial under  experiment 
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TABLB. 


Name. 

/• 

U«.Wckihl 
InCiilieFMt 

1.  Metiils:— 

Malleable  iron        .        •        •        • 
Hammered  iron  •       .        •        • 

Cast-iron 

Brass 

Zinc 

Tin 

Lead 

2.  Woods:— 

Oak             

Fir  (red  or  yellow) 
Pine  (American  yellow) 

Fir  (white) 

Ash 

Elm 

17,800 

16,800 
6,700 
6,700 
2,880 
1,600 

8,960 
4,290 
8,900 
8,680 
8,540 
2,840 

475 

487 

450 

686-25 

489-25 

456-7 

709-5 

62 

84-8 

26-75 

29-8 

47-5 

84 

610.  Barlow's  table  of  the  transverse  strength  of  wood, — fto- 
fessor  Barlow  of  Woolwich  gives  a  table  of  the  BtreDgth  of  beann  to 
resist  transverse  strain,  from  which  the  following  is  extracted.  The 
numbers  in  the  second  column  in  this  case  represent  the  same  noia- 
herf  as  those  in  the  second  column  of  the  preoeding  table. 

TABLE. 

Name.  /. 

Teak 9,848 

Poon 8,884 

English  oak)  Ist  specimen             ....  4,724 

"             2d  specimen  -----.  6,688 

Canadian  oak       .......  7,064 

Ash 8,104 

Beech 6,224 

Elm 4,062 

Pitch  pine    -------.  6,628 

New  England  fir 4,408 

Riga  fir 4»48S 

Mar  Forest  fir 6,048 

Larch   --------.  4,696 

Norway  spar  -----..-  5,896 

611.  Effect  of  the  distribution  of  the  weight  upon  the  heam.'^lt 
the  weight  producing  the  strain  upon  a  beiun,  instead  of  bcdng  eofr 

*  The  nnmbers  given  by  Tredgold  are  the  values  of 

4bX  !>• 
We  bare  obtained  the  numbers  ^ven  ibove  by  muHipljing  fUa  hf  4. 
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kled  fit  a  mng^  point,  as  sapposed  in  the  cases  here  investigatcdy 
Daily  distribnted  over  the  whole  beam,  the  power  of  suspension 
168  twice  as  great  as  if  it  were  applied  at  the  middle  point  of 


has  been  also  shown  that  each  point  of  the  beam  has  a  greater 
xiing  power  the  nearer  it  is  to  either  point  of  support  It  is 
ntlj,  therefore,  adyantageous  in  all  stmctores,  in  the  distribation 
e  wdght  upon  them,  to  throw  a  less  quantity  at  the  centre,  and 
crease  the  quantity  towards  the  points  of  support  In  this  man- 
af  loading,  a  hr  greater  weight  may  be  placed  near  the  walls 
at  the  centre.  In  all  cases,  however,  a  concentration  of  weight 
nngle  point  is  to  be  avoided. 

sheet  of  ice  which  would  break  imder  the  weight  of  a  skater 
1  sustain  the  same  skater  if  his  weight  were  eqwdly  distributed 
its  surfiux. 

allowing  for  the  weight  of  the  beam  itself,  this  weight  may  be 
dered  as  uniformly  spread  over  its  surface. 

2.  Strength  of  a  beam  increased  by  partially  sawing  it  trans- 
it and  inserting  a  wedge. — ^According  to  Peschel,  the  transverse 
jgth  of  a  beam  of  timber  may  be  greatly  increased  by  sawing 

from  one  third  to  one  half  of  its  depth,  and  driving  in  a  wedge 
elal  or  hard  wood  until  the  beam  is  forced  at  the  middle  out  of 
ofiBontal  line,  so  as  to  form  an  anele  presented  upwards.  It 
found  by  such  an  experiment  that  the  transverse  strength  of  a 

tl»i8  cut  to' one-third  of  its  depth,  was  increased  one-nineteenth; 
.  ool  to  one-half  of  its  depth,  it  was  increased  one  twenty-ninth ; 
when  cut  to  three-fourths  of  its  depth,  it  was  increased  ono 
j-seTcnth. 

3.  fVhy  the  strength  of  a  structure  is  diminished  as  its  magni" 
is  increased,  —  It  follows  from  the  principles  which  have  been 
dned,  that  if  any  structure  be  increased  in  magnitude,  the  pro- 
on  of  its  dimensions  being  preserved,  the  strength  will  be  aug- 
bed  as  the  squares  of  the  ratio  in  which  it  is  increased.  Thus, 
I  dimensions  be  increased  in  a  two-fold  proportion,  its  strength 
be  increased  in  a  fourfold  proportion ;  if  they  be  increased  in  a 
sfold  proportion,  its  strength  will  be  increased  in  a  ninefold  pro- 
ion,  and  so  on.  But  it  is  to  be  considered,  that  by  increasing 
trength  in  a  twofold  proportion,  its  volume,  and  consequently  its 
jht^  will  be  increased  in  an  eightfold  proportion ;  and  by  increas- 
its  dimensions  in  a  threefold  proportion,  its  volume  and  weight 
be  increased  twenty-seven  times ;  and  so  on.  Thus  it  is  appa- 
that  the  weight  increases  in  a  vastly  more  rapid  proportion  than 
strength,  and  that,  consequently,  in  such  increase  of  dimensions, 
nit  w^d  speedily  be  attained  at  which  the  weight  would  become 
il  to  the  strength,  and  beyond  this  limit  the  structure  would  be 
hed  under  its  own  weiirht     On  the  other  hand,  the  more  below 
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this  limit  the  dimensons  of  the  atmcture  are  kept^  tlie  greitter  wih  b$ 
the  pir'pr>rtion  by  which  the  strength  will  exceed  the  weight. 

614.  TV  strrmgth  om  ike  large  scale  moi  to  he  judged  hy  that  «f 
the  model, — The  strength  of  m  stnictare  of  anj  kind  is  therefore  not 
to  be  determined  by  its  model,  which  will  alwajs  be  much  strongs 
relatiTelv  to  its  «iie.  Ail  works,  natond  and  artificial,  have  limits  </ 
,migT)itude,  which,  while  their  materials  remain  the  same,  cannot 
*U'  C'xcc-ciled.  Small  animals  are  stronger  in  proportion  than  Iti^ 
ones.  We  find  insects  and  animalcnla  capable  of  bodily  activity, 
exceeding  alm<>st  in  an  infinite  degree  the  agility  and  mns^ilar  exer- 
tion manifested  by  the  larger  class :  the  yonng  plant  has  more  aTiil* 
able  strength  in  proportion  than  the  forest  tree. 

An  admirable  instance  of  beneficence  in  the  consequences  of  thii 
principle  is,  that  children,  who  are  so  mnch  more  exposed  to  sgrMfflFti^ 
are  less  liable  to  injuiy  from  them  than  grown  pereons. 
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I.  Two  parallel  forces,  acting  in  the  same  direction,  bave  the  magmitudes 
S  and  13,  and  their  points  of  application  are  6  feet  distant.  What  is  the 
magnitude  of  their  resultant,  and  its  distance  from  each  point  of  applica* 
(ionf  (158.) 

3.  If  the  forces  in  the  previous  question  act  in  opposite  directions,  what 
b  the  magnitude  and  situation  of  their  resultant  1  (159^) 

3.  On  the  supposition  that  the  earth  describes  an  orbit  of  600  millions  of 
tniles  in  365J  days,  with  what  velocity  does  it  move  per  second  ? 

4.  A  ship  weighing  386,000  Ibs^  is  dashed  against  the  rocks  in  a  storm, 
'>rith  a  Telocity  of  16  miles  per  hour:  with  what  momentum  does  it  strike? 
C198.) 

5.  Suppose  the  battering-ram  of  Titus,  which  weighed  5,760  lbs.,  was 
Cnind  sufficient,  when  impelled  with  a  velocity  of  11  feet  per  second,  xo 
demolish  the  walls  of  Jerusalem ;  with  what  velocity  must  a  cannon-ball. 
^>reighing  32  lbs.,  move  in  order  to  do  the  same  execution  ? 

6.  A  body  has  been  falling  9  seconds ;  what  space  has  it  fallen  through 
mnd  what  velocity  has  it  acquired?  (248.) 

7.  How  far  must  a  body  fall  to  acquire  a  velocity  of  150  feet  per  second  ? 

8.  What  space  was  described  in  the  last  second  by  a  body  which  has 
fallen  7  seconds  ? 

9.  With  what  velocity  must  a  body  be  projected  into  a  well  350  feet 
deep,  in  order  that  it  may  arrive  at  the  bottom  in  4  seconds  1 

10.  A  body  is  projected  perpendicularly  upwards  with  a  velocity  of  200 
iSset  per  second;  how  high  will  it  ascend  ?  (254.) 

II.  A  cannon-ball,  being  fired  perpendicularly  upwards,  returned  in  20 
seconds  to  the  place  from  which  it  was  fired ;  how  high  did  it  ascend,  and 
what  was  the  velocity  of  projection  ? 

12,  A  body  is  projected  downwards  with  a  velocity  of  2^  pei  second; 
how  far  will  it  fall  in  5  seconds  ? 

13.  Wishing  to  ascertain  the  difierence  in  the  depths  of  two  veils,  I 
dropped  a  stone  into  one  of  them,  and  heard  it  strike  the  water  in  6  seconds, 
tod  then  into  the  other  and  beard  it  strike  in  8  seconds;  what  was  the 
difference  of  their  depths,  assuming  the  instantaneous  transmission  of  sound  t 
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14.  What  velocity  will  be  acquired  by  a  body  in  fklling  for  15 
down  an  inclined  plane,  whose  length  U  2^  times  iu  height  f  (355.) 

NoTx. — ^Tbe  length  of  the  inclined  plane  is  to  its  hdght,  m»  die  ytloatf 
acquired  by  a  body  falling  freely  is  to  the  Telocity  aoquired  by  a  body  faUinf 
down  the  inclined  plane. 

15.  How  long  would  a  body  be  in  falling  down  an  Inolined  plmne  wboM 
height  is  to  its  length  as  7  to  15,  to  acquire  a  Telocity  of  75  leet  per 
second  f 

16.  The  length  of  an  inclined  plane  is  400  feet,  and  itt  height  350  feet: 
ihrough  what  space  will  a  body  descend  in  3^  seoondtf  and  what  Telocity 
will  it  acquire  1 

17.  A  stone  weighing  4  lbs.  is  whirled  around  by  a  string  3  yards  loog, 
making  three  revolutions  per  second;  what  is  the  centriAigal  force f  (315.) 

18.  In  a  lever  of  the  first  kind,  4  feet  in  length,  the  power  it  10  lbs.  and 
the  weight  14  lbs. ;  what  must  be  their  respective  distances  from  the  fnl- 
erum?  (426.) 

19.  A  lever  of  the  second  kind  is  35  feet  long:  at  what  distance  ftom  lbs 
fulcrum  must  a  weight  of  100  lbs.  be  placed,  so  that  it  may  be  anitained  bf 
a  power  of  80  lbs.  ? 

20.  Two  persons,  ▲  and  b,  sustain  upon  their  shoulders  a  weight  of  900 
lbs.,  by  means  of  a  pole  6  feet  long,  the  point  of  suspension  being  Sji  feet 
from  ▲ :  what  portion  of  the  weight  does  each  sustain  f  (437.) 

21.  In  the  compound  lever  represented  in  flg.  07.,  let  the  arms  pr,  /i^ 
and  t"  t^'  be  respectively  7,  13,  and  11  feet;  and  the  arms  ^  9,t^'f,VDd 
ww'*  respectively  2.  5,  and  6 :  what  weight  will  a  power  of  10  lbs.  sostainf 

22.  A  weight  of  100  lbs.  is  suspended  by  a  rope  going  round  an  axle 
whose  radius  is  0  inches ;  what  must  be  the  diameter  of  the  wheel,  ia 
order  that  the  wcigltt  may  be  kept  in  equilibrium  by  a  power  of  IS  Ifas^T 
(445.) 

23.  A  power  of  14  lbs.  acts  on  a  wheel  9  feet  in  diameter:  whatwei^t, 
acting  on  an  axle  of  7  inches  in  diameter,  will  keep  it  in  equilibrium? 

24.  There  are  two  wheels  on  the  same  axle ;  the  diameter  of  one  is  S 
feet,  that  of  the  other  4  feet,  and  the  diameter  of  the  axle  is  SO  inches: 
what  weight  on  tlio  axle  would  be  supported  by  a  power  of  48  lbs.  on  the 
larger  and  of  50  lbs.  on  the  smaller  wheel? 

2«').  In  a  dilTcrential  wheel  and  axle,  the  diameter  of  the  wheel  is  3  fetli 
the  diameter  of  the  thicker  part  of  the  axle  7  inches,  and  that  of  the  thinnti 
part  G}  inches:  what  weight  will  a  power  of  60  lbs.  sustain?  (453.) 

26.  What  power  will  be  necessary  to  sustain  a  weight  of  3,387  Iba,  in  i 
system  of  10  pulleys,  constructed  according  to  fig.  126? 

27.  In  a  system  of  pulleys,  represented  in  fig.  124.,  a  power  of  1  lb.  sa» 
tains  a  weight  of  128  lbs.:  what  is  the  number  of  pulleys? 

28.  A  man  can  draw  a  weight  of  125  lbs.  up  the  side  of  a  perpendieo- 
lar  wall,  20  feet  high:  what  weight  will  he  be  able  to  raise  along  a  smooth 
plank  44  feet  long,  laid  sloping  from  the  top  of  the  wall  ?  (478.) 

29.  With  what  force  will  a  weight  of  1,728  lbs.  press  on  an  inclined  plaae^ 
whose  length  is  55  feet  and  base  44  feet  ? 
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90.  Whmt  force  mutt  be  exerted  to  lattain  a  ton  weight  on  a  screw,  the 
thread  of  which  makes  IGO  rcTolations  in  the  height  of  I  foot,  the  power 
being  applied  to  a  lever  6  feet  long?  (495.) 

31.  What  weight  ean  be  rattained  on  a  scxew  by  a  power  of  3  Ibs^ 
having  a  leverage  of  3  yards,  the  distance  between  the  threads  being  1 
inch? 

32.  A  body  is  pn)jected  np  an  inclined  plane  whose  length  is  8  times  iu 
height,  with  a  velocity  of  60  feet  per  second :  in  what  time  will  its  velocity 
be  destroyed  f  and  bow  &r  will  it  ascend  the  plane  1 

33.  What  is  the  length  of  a  pendulam,  in  Paris,  which  oscillates  twice 
in  1  second?  (540.  and  553.) 

34.  What  is  the  time  of  oscillation  of  a  pendulum  10  feet  long? 

35.  If  the  length  of  the  seconds  pendulum  in  New  York  is  39-10168 
Inches,  through  what  space  will  a  body  fall  there  in  one  second  ? 

36.  What  weight  might  be  supported  at  the  middle  point  of  a  bar  of  cast- 
iron  10  feet  long,  and  whose  transverse  section  is  3  inches  square,  its  own 
weight  not  being  considered  ?  (604.  and  609.) 

37.  In  the  previous  example,  determine  what  weight  might  be  supported, 
if  the  weight  of  the  bar  were  considered  ? 

38.  According  to  Tredgold*s  experiments  (609.)  what  must  be  the  length 
of  m  beam  of  oak,  3  inches  square,  and  supported  at  both  ends,  which  is  just 
capable  of  bearing  its  own  weight?  (611.) 

30.  A  boat  weighing  350  lbs.  is  moving  at  the  rate  of  7  miles  per  hour  * 
at  what  rate  would  it  move  if  it  were  connected  by  a  tow-line  with  a 
•ehooner  weighing  130  tons  and  moving  3  miles  per  hour? 

40.  A  cylindrical  bar  weighing  140  lbs.  and  7  feet  long,  is  employed  as 
a  lever  to  raise  a  weight  of  3  tons.  The  fulcrum  is  1 4  ft  from  the  weight. 
Taking  into  consideration  the  weight  of  the  lever  itself,  what  must  be  the 
amount  of  the  power  ? 

Non. — ^The  weight  of  the  lever  must  be  regarded  as  a  power  applied  at 
the  centre  of  gravity  of  the  lever ;  which  in  this  case  is  3  A.  from  the  ful- 
crum. 

41.  A  body  weighs  11  pounds  at  one  end  of  a  false  balance,  and  17  lbs. 
3  ox.  at  the  other:  what  is  the  real  weight? 

Norrm/i—A  false  balance  is  an  ordinary  pair  of  scales  whose  arms  are 
uneqoaL  Such  a  balance  is  used  for  fraud,  the  article  to  be  sold  being 
placed  in  the  scale  attached  to  the  longer  arm. 

Let  p  be  the  arm  to  which  the  11  lbs.,  and  w  that  to  which  the  17  lbs. 
3  ox.  is  attached.     Call  the  article  to  be  weighed  w. 
Then  llXp=^wXvf: 

and  n^xw=wxp. 

By  multiplying  these  two  equations,  we  get 

11  X  n^XpXw=zw^  XpXw; 
or,  llXl7yV  =  w»; 

Consequently       %/ 11  x  17|%  =  w- 
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Hence,  to  mtcertmin  die  true  weight  of  a  inbelaiioe  hf  meuit  of  a  frbt 
balance,  ieeigk  tkt  9Mb§tama  m  both  Molct,  — /ryfy  tktm  tma/mlm  wn^d»  !»> 
fdher,  and  tale*  tlu  »yuan  root  of  tki  prodmeL 

42.  A  ball  weighing  650  lbs.  U  mOTing  at  the  Qnifonn  imte  of  20  milei 
per  hour,  when  it  is  OTertaken  bj  a  ball  of  50  Iba,  moTing  160  miles  per 
hour :  what  will  be  the  coraraon  relocitj  of  both  balls  after  collision  f 

43.  What  must  be  the  length  of  a  pendalnm  which  ahall  oscillate  20 
times  in  a  second  at  New  Yorkf  (see  Question  35.) 

44.  What  must  be  the  length  of  an  inclined  plane,  whose  height  is  15 
feet,  that  the  exertion  of  42  pounds  shall  draw  up  200  pomids  7 

45.  If  a  cord,  which  runs  over  3  moTfable  pulleja,  be  attached  to  so 
axle  4  inches  in  diameter,  the  wheel  of  the  axle  being  38  inches  in  diame- 
ter, and  a  power  of  20  pounds  be  exerted  at  the  circumference  of  the  wheel, 
what  weight  would  be  raised  under  the  puUejs  f 

46.  Suppose  a  power  of  48  jKmnds  is  to  be  emplojed  to  raise  a  weigbt 
of  5,000  pounds,  by  means  of  a  screw  whose  threads  are  1-3  inches  apart: 
what  must  be  the  length  of  the  lever,  allowing  (  of  the  power  to  be  lost  in 
overcoming  friction  t 

47.  A  body  is  projected  perpendicularly  upwards  with  a  Telocity  of  290 
feet  per  second :  how  far  will  it  rise  in  3  seconds  f  and  what  will  be  iti 
velocity  then  7 

48.  In  a  press  like  that  represented  in^.  154.,  the  balls  each  weigh  256 
pounds,  and  their  centres  are  5  feet  1  inch  from  the  axis;  the  threads  of 
the  screw  are  1}  inches  apart;  and  the  balls  make  two  revolutions pei 
second :  what  force  will  be  exerted  by  the  end  of  the  screw  f 
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BOOK  THE  FOURTH. 
MECHANICAL  PROPERTIES  OF  LIQUIDS. 
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CHAPTER  I. 

THE  TRANSMISSION   OF  PRESSURE. 

615.  ne  liquid  slate  defined, — The  liquid  state  has  already 
ea  defined  to  be  that  in  whieh  the  coDstituent  molecules  of  the 
hodj  manifest  neither  cohesion  nor  repulsion.  They  have  no  ten- 
deaey  like  those  of  a  solid  to  cohere,  and  are  separated  by  the  least 
fcne  applied  to  them ;  neither  have  they,  od  the  other  hand,  any 
tendencj  like  those  of  a  gas  to  repel  each  other  and  fly  asunder. 
Tbe  particles  composing  a  mass  of  liquid  lie  in  juxtaposition,  each 
affected  merely  by  its  own  gravity. 

Tbeae  observations  would  equally  apply,  however,  to  a  collection 
of  fine  sand  or  dust,  and  it  may  therefore  be  asked  in  what  respects 
such  a  mass  differs  from  a  liquid.  The  particles  composing  a  liquid 
difer,  in  the  first  place,  from  those  compoeiuff  a  mass  of  sand  or  dust 
in  being  infinitely  small.  A  solid  body  can  be  reduced  to  no  powder 
lo  impalpable,  but  that  the  separate  grains  of  it  may  be  individually 
eoQtemplated  and  ascertained  to  possess  all  the  characters  of  a  solid 
Indy.  This  is  not  the  case  with  the  particles  of  a  liquid  which  ad- 
tait  of  unlimited  subdivision,  each  part  so  divided  still  continuing  to 
possess  all  the  character  of  a  liquid. 

But  independently  of  this,  the  particles  of  a  liquid  have  the  fur- 
ther quality,  in  which  they  are  distinguished  from  a  pulverized  solid, 
of  moving  amongst  each  other  without  friction.  There  is  no  powder 
so  fine  or  impalpable  as  to  possess  this  property.  The  particles  of  a 
Uqud,  on  the  contrary,  possess  it  in  the  most  absolute  manner. 

616.  Liquids  transmit  pressure  in  all  directions.  —  From  tbii 
absolute  freedom  of  motion  amongst  each  other,  and  total  absence  of 
friction,  may  be  inferred  tbe  fact  that  liquids  are  capable  of  transmit 
ting  pressure  equally  in  every  direction,  a  quality  which  may  be  con- 
sidered as  the  fundiunental  mechanical  property  of  these  bodies,  and 
one  from  which  all  the  circumstances  attending  the  mechanical  phe- 
ikomena  of  liquids  will  follow. 

291 


10 


MECHANICAL  PROPERTIES  OF  LIQUIDS. 


Fig.  170. 


To  explain  this  piopertj  of  tbe 
free  tniiraiiflsion  of  jnesmreyletu 
suppoee  a  yemd.  A  b  o  d  b  i,  fr. 
170.,  of  any  fonn  whateTer,  to  m 
filled  with  a  liquid  which  we  dull 
sappose  forthepreaenttobediveit- 
ed  of  weif^t 

Let  a  small  drcolar  apertoie 
havinff  the  magnitode  of  a  sqnare 
inch,  be  made  in  each  of  the  add 
of  this  vessel  at  a,  b,  e,  dy  e,/  tad 
let  a  small  cylinder  be  imagined  to 
be  inserted  in  each  of  these  sper- 
turesy  in  which  a  piston  b  fitted,  lo 
as  to  be  in  contact  with  the  Ixpikl, 
and  BO  that  the  liquid  shall  not 
pass  by  the  piston  in  the  cylinder. 

As  we  have  supposed  the  liquid  itself  to  be  divested  of  weight,  it 
will  have  no  tendency  to  press  any  of  the  pistons  outwards.  Nov, 
if  any  pressure  whatever,  as,  for  example,  one  pound  weight  presnn 
on  the  piston  a,  force  it  inwards,  it  will  be  found  that  all  the  odier 
pistons,  hy  c,  d,  e,f,  will  immediately  be  forced  outwards,  and  that 
the  force  necessary  to  resist  this  tendency  would  be  one  pound;  lo 
that  when  the  piston  a  is  pressed  inwards  with  a  force  of  one  poond, 
it  would  be  necessary  to  apply  a  like  force  pressing  inwards  to  eidi 
of  the  other  pistons  to  keep  them  in  their  places.  It  follows  frtn 
this,  that  a  pressure  of  one  pound  applied  at  a  exerts  a  comspon^og 
pressure  of  one  pound  against  the  inner  surface  of  each  of  the  piB- 
tous  bj  c,  dy  e,  f,  ]$ut  the  same  would  be  true  whatever  positicu 
the  pistons  by  c,  d,  tyfy  might  have;  and  it  follows,  therefore,  that  i 
pressure  of  one  pound  exerted  ui>on  the  square  inch  of  surface  fbrm- 
ing  the  base  of  the  piston  a,  will  produce  a  pressure  of  one  ponnd 
upi.m  every  square  inch  of  the  interior  of  the  surfi&oe  of  the  vesri 
containing  the  liquid. 

This  property  of  transmitting  pressure  equally  and  freely  in  eveiy 
direction,  is  one  in  virtue  of  which  a  liquid  becomes^  in  the  strieteil 
sense  of  the  term,  a  machine. 

017.  T/ie  hydrostatic  paradox  no  paradox.  —  Some  of  the  efieds 
which  are  consequent  upon  it  arc  so  surprising  and  unexpected  that 
they  have  aa]uired  for  it  the  generally  known  title  of  the  hydroststio 
paradox.  There  is,  however,  in  this  effect  nothing  more  deserving 
of  the  title  of  paradox  than  is  to  be  found  in  the  effects  of  all  other 
machinery. 

One  of  the  forms  under  which  the  hydrostatic  paradox  is  eommonlj 
{yreaented,  is  the  following :  Let  a  B  o  d,  fig.  171.;  be  a  okae  ymA 
"  4  with  water. 
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Let  o  bo  a  cylinder,  haviDg  ia  it  a  piston 
P,  the  area  of  whose  base  is  one  square  inch ; 
and  lot  o'  be  another  cylinder  having  in  it 
a  pbton  p'y  the  area  of  whose  base  is  1000 
square  inches.  According  to  what  has  been 
stated,  a  pressure  of  1  lb.  acting  on  the  piston 
p,  will  produce  an  outward  pressure  of  1000 
lbs.  acting  on  the  piston  p',  so  that  a  weight 
Fig.  171.  jj£  -^  Yh.  resting  upon  the  piston  p  wouhl  sup- 

port a  weight  of  1000  lbs.  resting  upon  the  piston  p'.  Now,  if  the 
piston  P  be  moved  downwards  with  a  force  of  1  lb.,  the  piston  p'. 
loaded  with  1000  lbs.,  would  be  raised. 

There  is,  nevertheless,  in  these  facts,  nothing  contrary  to  what 
might  be  inferred  from  the  common  principles  already  explained  as 

governing  the  effects  of  mechanical  force.  The  action  of  tlie  ft)reea 
ere  supposed  differs  in  nothing  from  that  of  like  forces  acting  on  a 
lever  having  unequal  arms  in  the  proportion  of  1  to  1000.  A  weight 
of  1  lb.  acting  on  the  longer  arm  of  such  a  lever  would  support 
or  laiso  a  weight  of  1000  lbs.  acting  on  the  shorter  arm.  The 
liquid,  in  the  present  case,  performs  the  office  of  the  lever,  and  tlie 
inner  surface  of  the  vessel  containing  it  perfurms  the  office  of  the 
fulcrum. 

Nor  is  there,  in  the  fact  that  1000  lbs.  on  the  piston  p'  are  raised 
by  the  descending  force  of  1  lb.  on  the  piston  p,  anytliing  which 
might  not  be  naturally  expected.  If  the  piston  p  descend  one  inch,  a 
quantity  of  water  which  occupies  one  inch  of  the  cylinder  o  will  be 
expelled  from  it,  and  as  the  vessel  A  B  c  D  is  filled  in  every  part,  the 
piston  P'  must  be  forced  upwards  until  space  is  obtained  for  the  water 
which  has  been  expelled  from  the  cylinder  o.  Jixit  as  the  sectional 
area  of  the  cylinder  o'  is  1000  times  greater  than  that  of  the  cylinder 
o,  the  height  which  the  piston  p'  must  be  raised  to  give  this  space 
will  be  lOOO  times  less  than  that  through  which  the  piston  P  has 
descended ;  therefore,  while  the  weight  of  1  lb.  on  p  has  been  moved 
through  one  inch,  the  weight  of  1000  lbs.  on  p'  will  be  raised  througli 
only  the  toov^^  P^^^  ^^  ^^  iuoh.  If  this  process  were  repeated  a 
thousand  times,  the  weight  of  1000  lbs.  on  p'  would  be  raised  through 
one  inch ;  but  in  accomplishing  this,  the  weight  of  1  lb.  acting  on  p 
would  be  moved  successively  through  1000  inches.  The  mechanical 
ftclion,  therefore,  of  the  power  in  this  case  is  expressed  by  the  force 
of  1  lb.  acting  successively  through  1000  inches,  while  the  mechanical 
effect  produ^  upon  the  resistance  is  expressed  by  1000  lbs.  raised 
through  one  inch. 

Now,  it  is  evident  that  in  this  there  is  notliing  really  paradoxical 
or  difficult. 

If  the  power  could  act  directly  on  the  1000  lbs.  which  rest  upon 
the  piston  p',  and  could  separately  raise  them  pound  by  pound  one 
25  •  293 
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iuch,  it  would  accomplish  the  same  mechanical  effieot  without  the  a- 
stramentality  of  the  hydrostatic  apparatus  here  described. 

618.  BramaJCs  hydroitatic  press,  —  An  engine  foonded  on  tin 
principle  is  well  known  as  the  hydrostatic  or  hjdranlie  preVi  and  ii 
sometimes  denominated,  from  the  engineer  who  gave  it  its  presnt 
form,  and  brought  it  into  general  use,  a  Bramah'a  preaa.  Thii 
machine  is  represented  in  ^g,  172. 

A  piston  or  plunger  A,  playing  through  a  water-tiffht  collar,  morel 
in  a  small  cylinder  c.  At  the  bottom  of  thb  cylinder  there  ii  i 
valve  B,  which  opens  upwards,  and  communicates  with  a  pipe  wUeh 
descends  into  a  vessel  of  water  placed  under  the  appantos. 


Fig.  172. 

In  the  side  of  the  cylinder  c,  there  is  a  narrow  tube,  which  com 
municatcs  at  £  with  another  cylinder  (/,  of  much  larger  dimensbos, 
io  which  there  is  likewise  a  plunger  a',  moving  in  a  water-tight  collar, 
and  supporting  a  strong  iron  plate,  surrounded  by  a  strong  framework 
K  I  H  o.  When  the  plunger  a'  is  forced  upwards,  any  object  which 
may  be  placed  between  the  plate  which  it  supports  and  the  top  of 
the  framework  will  be  submitted  to  a  pressure  proportional  to  th« 
^01100  wirfa  which  the  plunger  a'  is  urged.     In  the  tabe  D  E^  then  it 
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iTdve  o  which  opens  towaidH  the  greater  cylinder  o';  and  in  the 
Hune  tube  there  is  slso  a  cock  p,  by  which  a  communication  between 
the  cylinder  o'  and  the  reservoir  of  water  can  be  established  at  plea- 
sure. The  rod  A  of  the  small  plunger  is  connected  at  x  with  a  lever 
L  M,  which  woriu  on  a  fulcnim  at  m  ;  and  the  press  is  worked  by 
raising  and  depressing  this  lever,  which  operation  is  attended  with  a 
process  which  we  shaU  now  describe. 

Suppose  the  water,  if  there  be  any  in  the  great  cylinder  o',  to  be 
discharged  into  the  reservoir  by  the  cock  p,  a  process  which  will  nc- 
oesaarily  take  place  on  opening  the  cock  p,  because  in  this  case  the 
weight  of  the  plunger  a'  wiU  force  the  water,  which  is  under  and 
around  it,  through  we  passage  k,  and  through  the  open  cock  p,  into 
the  reservoir.  The  water  in  that  case  could  not  pass  back  through 
the  valve  o,  because,  as  has  been  already  explained,  that  valve  opens 
towards  the  cylinder  o',  and,  consequently,  the  pressure  produced  by 
the  plunger  a'  acting  upon  it  would  only  hold  it  more  firmly  closed. 

Let  us,  then,  suppose  both  pistons  to  be  at  the  bottom  of  their  re- 
spective cylinders,  the  cock  p  being  dosed.  If  the  lever  l  be  now 
nused,  the  pbton  a  will  be  elevated,  and  an  action  will  take  place 
similar  to  that  of  a  common  pump,  in  consequence  of  which  water 
will  be  drawn  up  from  the  reservoir,  and  will  fill  the  barrel  of  the 
cylinder  c.  This  water  cannot  return  to  the  reservoir,  because  the 
valve  B,  opening  upwards,  is  only  held  more  firmly  closed  by  any 
pressure  exerted  upon  the  water  in  the  cylinder. 

Let  the  lever  l  be  now  pressed  down ;  the  water  in  the  cylinder 
will  be  forced  by  the  plunger  through  the  valve  o  and  through  the 
tube  D  £  into  the  great  cylinder  c'.  By  continuing  this  process,  a 
quantity  of  water,  equal  to  the  volume  of  the  plunger  A,  will  be  forced 
at  each  stroke  from  Uie  cylinder  O  into  the  cylinder  c'.  In  this  action, 
the  pressure  ui>on  the  plunger  A  will  be  transmitted  to  the  plunger  a', 
augmented  in  the  proportion  of  the  magnitude  of  the  sectional  area 
of  the  one  to  that  of  the  sectional  area  of  the  other. 

Thus,  if  the  sectional  area  of  the  plunger  a'  be  1000  times  that 
of  the  plunger  A,  a  pressure  of  10  11^  produced  upon  A  will  trans- 
mit a  pressure  of  10,000  lbs.  to  a'.  During  the  operation  of  the 
machine  in  the  intervals  of  the  ascent  of  the  plunger  a,  its  action 
upon  a'  is  suspended,  and  if  the  tube  D  E  were  open,  a'  would  press 
the  water  back  into  the  cylinder  o,  and  render  abortive  the  action  of 
the  machine,  since  every  upward  motion  of  the  plunger  a',  produced 
by  the  desoendine  stroke  of  the  plunger  A,  would  be  neutralised  by 
an  equal  descondmg  motion  during  the  upward  stroke.  This  is  pre- 
T«ntod,  however,  by  the  valve  o,  which  opens  towards  the  cylinder 
o",  and  prevents  the  return  of  the  water  into  the  cylinder  c,  and  its 
passage  into  the  reservoir  through  the  cock  P  is  prevented  by  that 
cook  being  previously  closed. 

It  will  be  perceived,  therefore,  that  the  valve  o,  in  this  case,  4ia» 
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chir^  the  fucotion  cf  a  ntcfaet-wheel,  illowing  the  motion  of  thi 
fluid  in  one  direction,  but  obstructing  it  iu  the  other. 

When  i:  is  i^iuined  to  release  the  object  submitted  to  the  utioi 
ctf  the  f  re^ic:.  the  cvvk  p  is  opened,  the  weight  of  the  plunger  a'  tba 
foRvs  the  water  thn>ugh  the  passage  E,  and  through  the  open  oock  P, 
in:o  the  rc-^crroir.  aind  the  plunger  a'  descends. 

It  is  cviit:!:!  :hat  the  pi:twer  of  the  machine  is  augmented  bj  tlio 
mechaa:oal  cCiv:  of  the  lever  LM. 

it  has  K'x'3  shown  that  a  force  of  10  lbs.  acting  npon  the  naan 
plunpiT  will  pTv>duce  a  force  of  10,000  lbs.  upon  the  great  one;  ami 
if.  in  aJJiUvU  to  this,  the  brge  arm  of  the  lever  L  M  be  ten  timei 
the  l.'ii^h  ot  the  short  arm.  a  force  of  1  lb.  at  the  extremity  of  the 
firmer  will  pnxiuce  a  force  of  10  lbs.  on  the  plunger.  Under  bdc^ 
oir^'um stances,  thervftiv,  a  moving  power  of  1  lb.  applied  at  the  es- 
tr^mity  of  the  working  lever  will  produce  a  pressure  of  10,000  Iba 
uj^^n  the  ctvat  plunger. 

The  advantage  of  the  hydrostatic  press  over  screw-preaBCS,  md 
tht>se  eolisTnwud  up^m  mechanical  principles,  is  that  in  the  fomeri 
the  forvv  Iv^t  by  friction  is  comparatively  inconsideiable,  being  limited 
to  the  fne:i.m  of  the  plunger*  in  the  cylinders. 

GllV    The  hwdrostatic  hillovs. — The  apparatus  called  the  hydros- 
tatic bellows,  represented  in  ^.  173,  acti 
'  upon  the  same  principle. 

^  7  Two  boards  B  c  and  D  E  are  united  by  t 

^  flexible  cloth,  like  a  common  bellows.     The 

vertical  tube  T  communicates  with  the  in- 
terior, through  the  short  pipe  E,  at  right 
angles  to  it,  which  is  also  supplied  with  t 
stop-cock,  by  which  the  water  contained  in 
the  bellows  may  he  discharged.  The  appa- 
ratus being  empty,  lot  it  be  loaded  with  the 
weights  w,  and  let  water  be  then  poured  in 
at  the  funnel  F;  as  the  bellows  fills,  the 
weights  will  be  raised,  and  the  weight  of  a 
small  column  of  water  in  the  vertical  pipe  T 
will  be  capable  of  supporting  a  weight  upon 
the  board  B  c,  greater  than  the  wei^t  of  the 
water  in  the  pi|)e,  in  the  same  proportion  as 
the  area  of  the  board  B  c  is  greater  than  the 
sectional  area  of  the  bore  of  the  pipe.  ThoSy 
if  we  suppose  the  area  of  the  bore  of  the 
pipe  to  bo  a  quarter  of  an  inch,  and  the 
area  of  the  board  to  be  a  s<{uare  foot,  tlien  the  proportion  of  the  pipe 
to  the  area  of  the  board  will  be  that  of  1  to  576 ;  consequently,  the 
weight  capable  of  being  supported  by  the  board  will  be  576  timai  the 
wwght  ot  the  water  coniaiucd  iu  the  pipe. 

<2M 
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120.    jyansmissian  of  presntre  hy  water  mggested  as  a  tele- 
tpkic  ageni. — ^This  power  of  liquids  to  transmit  pressare  to  a  dis- 
ee  wms  proposed  as  a  means  of  telegraphic  communication  before 
invention  of  the  electric  telegraph. 

[t  was  proposed  that  small  water-pipes  should  be  buried  along  the 
es  of  road,  and  that  a  pressure  produced  upon  the  column  of 
ter  at  any  one  place  being  transmitted  to  any  other  place,  however 
tanty  should  be  used  as  a  signal.  Thus,  if  a  tube  filled  with 
ter  extended  from  London  to  Edinburgh,  a  pressure  exerted  on  the 
uid  at  the  end  of  the  tube  at  London  would  cause  a  corresponding 
essure  or  motion  at  the  end  of  the  column  at  Edinburgh^  no  matter 
lat  might  be  the  course  of  the  tube  between  the  two  places,  whether 
raighty  curved,  or  angular,  and  whether  the  pipes  proceeded  down- 
irds,  obliquely,  or  horisontally,  or  whether  they  were  carried 
iroogh  the  walls  of  a  building,  or  the  course  of  a  river,  or  under; 
rer,  or  around  any  obstruction  or  impediment  whatsoever. 
The  same  property  of  transmitting  pressure  has  been  proposed  to 
e  applied  to  scvenil  purposes,  where  it  is  required  to  produce  a  pres- 
ore  on  some  internal  part  which  cannot  be  approached  except  by  a 
lexible  tube,  through  which  an  instrument  cannot  safely  or  con- 
neniently  be  inserted. 

621.  Example  of  hydrostatic  pressure  in  the  circulation  of  the 
hlood. — The  animal  economy  supplies  an  example  of  the  laws  of 
hydrostatics,  as  striking  as  that  which  the  skeleton  exhibits  of  the 
laws  of  mechanics. 

The  heart  from  which  the  blood  is  supplied  to  all  parts  of  the 
lyrtem,  is  an  organ  endued  with  great  powers  of  expansion  and  eon- 
traction. 

When  it  is  contracted,  a  pressure  is  exerted  upon  the  blood  in  im- 
mediate contact  with  the  muscles  of  the  heart,  by  which  that  fluid  is 
driven  through  the  arteries,  pressing  forward  the  blood  which  already 
fills  those  canals  into  the  veins.  These  various  pipes  and  conduits 
are  formed  of  an  elastic  material,  and  supplied  with  valves^  like  the 
valve  o  in  the  hydrostatic  press,  which  prevent  the  reflux  of  the 
blood.  These  valves,  therefore,  by  their  reaction^  form  so  many  ful- 
erumSy  from  which  the  contractile  force  of  the  vessels  containing  the 
blood  derive  their  eflect;  and  the  motion  of  this  fluid  is  thus  con- 
tinued through  the  veins  and  returns  to  the  heart.  The  musculur 
power  of  the  heart  to  exert  pressure  on  the  blood,  is  illustrated  by  a 
striking  experiment  recorded  by  Dr.  Hales  in  his  statical  essays.  A 
vertical  tube  was  put  in  communication  with  the  arterial  blood  of  an 
animal.  The  fluid,  yielding  to  the  pressure  received  from  the  heart, 
rushed  into  the  tube,  and  rose  to  a  certain  height  proportioned  to  the 
pressure.  This  height  was  found  to  vary  in  different  animals,  being 
greater  in  the  larger  than  in  the  smaller  classes.  In  the  horse,  a 
oolnmn  of  ten  feet  was  supported ;  in  the  human  body,  the  height  of 
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the  colamn  was  bat  eight  feet.  The  pressure  of  the  venoos  hlood 
was  less  than  that  of  the  arterial,  as  might  have  been  anticipated;  ia 
the  human  species  its  pressure  sustaining  only  a  odnmn  of  bx 
inches. 


CHAP.  IL 

THE  PRESSURE  OF  LIQUIDS  DUE  TO  THEIR  WEIGHT. 

622.  Effect  of  the  weight  of  a  liquid.  —  The  properly  by  whicii 
liquids  transmit  pressure  freely  in  every  direotion  being  nnderstood, 
the  manner  in  which  this  property  modifies  the  effects  of  their  own 
weight,  and  distinguishes  them  from  those  which  attend  the  we^ti 
of  solid  bodies,  remains  to  be  explained. 

If  a  solid  body  be  placed  in  a  vessel  having  a  horisontal  bottom 
and  upright  sides,  and  so  corresponding  in  shape  to  the  body  that  the 
latter  shall  exactly  fill  it  as  a  plug  would  fill  a  tube,  the  effect  of  the 
weight  of  such  a  body,  placed  in  such  a  vessel,  would  be  to  press  with 
its  whole  force  upon  the  horizontal  bottom,  no  pressure  whatever 
being  exerted  on  the  sides.  If  in  such  a  case  the  sides  were  detached 
from  the  vessel,  the  body  contained  in  it  would  remain  undisturbed, 
pressing  upon  the  bottom  as  before. 

But  if  we  suppose  the  body  thus  contained  in  the  vessel  to  be 
liquefied,  we  shall  then  be  unable  to  remove  the  sides  without  totally 
disarranging  the  state  of  the  body;  since,  the  moment  the  body 
becouics  li(|ui(l,  the  sides  will  have  to  resist  the  tendency  of  its  com- 
ponent particles  to  full  asunder,  which  tendency  was  before  resisted 
by  that  mutual  cohesion  which  constitutes  the  character  of  solid 
bodies. 

The  change  from  solid  to  liquid  would  in  this  ease  make  no  change 
in  the  pressure  produced  upon  the  horizontal  base  of  the  vessel ;  but 
the  pressure  on  the  sides  will  depend  on  conditions  determined  by  the 
depth  of  the  particles  of  fluid,  which  we  shall  now  explain. 

Let  A  BC  D,^5^.  174.,  be  such  a  vessel  as  is  above  described,  BC 
being  the  horizontal  bottom,  and  ab  and  DC 
vertical  sides.  If  it  be  filled  with  a  solid  body  of 
its  own  form,  the  upper  surface  of  which  E  r  is 
level  and  parallel  to  the  bottom  B  c,  this  body 
will  press  upon  the  bottom  b  o  with  the  fuU 
amount  of  its  weight,  and  no  pressure  whatever 
will  be  exerted  on  the  perpendicular  sides  A  B 
and  D  0.  But  if  such  body  be  liquefied,  a  pres- 
Fig.  174.  sure  will  immediately  take  place  on  all  the  aidei^ 

the  pressure  on  the  bottom  remaining  the  same  as  before. 
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Let  o  be  ft  pari  of  a  lerel  stratum  of  the  liquid,  which  we  shall 
•oppose  to  have  the  magnitude  of  a  square  inch,  and  to  be  placed  at 
any  part  within  the  dimensions  of  the  liquid.  It  is  evident  that  the 
surfJEice  O  will  sustain  directly  the  pressure  of  the  vertical  column  of 
liquid  O  P,  which  is  immediately  above  it,  extending  from  the  surface 
of  the  liquid  downwards  to  o.  This  pressure  will  be  equivalent  to 
the  weight  of  the  column  -^  that  is  to  say,  of  as  many  cubic  inches  of 
the  liquid  as  there  are  inches  in  the  depth  of  the  stratum  o  below  the 
level.  It  appears,  therefore,  evident,  that  every  square  inch  of  any 
stratum  of  Uie  liquid  must  sustain  a  downward  pressure  equal  to  the 
weight  of  a  column  of  the  liquid  whose  base  is  a  square  inch,  and 
whose  height  is  equal  to  the  depth  of  the  proposed  stratum. 

But  since  this  downward  pressure  is  transmitted  equally  in  every 
direction  (616.),  it  is  clear  that  it  will  be  transmitted  to  the  sides  of 
the  vessel,  and  will  act  ui>on  them  laterally  with  the  same  force  as 
that  with  which  it  acts  downwards ;  consequently  it  follows,  that  a 
■quare  inch  of  the  vessel  at  o',  in  the  same  level  stratum  with  o,  will 
nstain  a  pressure  perpendicular  to  the  surface  of  the  same  amount. 

623.  Prttsure  of  a  liquid  contained  in  a  vessel  proportional  to 
ike  depth.  —  It  follows,  therefore,  in  general,  that  each  square  inch 
%f  the  swrfaee  of  a  vessel  containing  a  liquid  is  pressed  by  a  force 
perpendieular  to  such  surface^  equal  to  the  weight  of  a  column  of 
the  Hqtdd  whose  base  is  a  square  inchy  and  whose  height  is  equal  to 
the  depth  of  the  point  of  the  surface  in  question  below  the  level  of 
the  fluid, 

hk  fig.  174.  the  sides  of  the  vessel  are  represented  to  be  perpen- 
dieular,  but  the  same  reasoning  will  be  applicable,  whatever  be  Uieir 


Fig.  175. 


Fig.  176. 


position.  Thus,  if  they  diverge  from  the  bottom,  as  in  fig,  175., 
the  pressure  produced  upon  a  square  inch  of  the  surface  of  the  side 
at  o'  will,  for  the  same  reason,  be  equal  to  the  weight  of  a  column  of 
the  liquid  whose  height  is  equal  to  the  depth  of  the  point  o,  and 
whose  base  is  a  square  inch. 
.  Again,  if  the  sides  cohverge,  as  in  fig.  176.,  the  same  prmcipla 
will  obtain. 
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»V24.  Ejrp-:rim'ntal  proof  of  this.  —  There  are  other 
cxr---i:ont>  hv  whiih  this  pressure  of  liquids  proportional 
ij  tht-ir  dij  :ii  can  h?  vt-rififJ  expcrimentallv. 

L« !  A  R.  /fif.  177..  be  a  strong  metallic  cylinder,  open  at  a 
an. I  closed  at  B,  in  which  a  piston  c  moves  water-tight, and 
rt*ts  iip'n  a  spiral  spring  extending  to  the  bottom  B,  so 
thi!  any  f  reo  tending  to  press  the  piston  downwards  is 
r  <<K'\  I  y  the  el:i>ticity  of  the  spring.  If  such  an  instru- 
uikui  I-:-  pluni?d  to  any  depth  in  a  liquid,  the  piston  will 
K-  prosst.'l  iiiwanls  with  a  force  corresponding  to  the  pres- 
sure **i  the  li-jnid. 

N"W  it  i<  f  aind  l»y  experiments  made  with  this  instrih 
nicnr,  that  the  pressure  which  ur^es  the  piston  from  ctotranh 
.,  ^  ,-^  IS  i>  always  i«|ual  to  the  weight  of  a  column  of  the  liquid  in 
°'  * " '  which  it  \<  iui nursed,  wh«.>se  base  is  equal  to  the  magnitudcof 
the  pi*t«ni  r,  and  wli  'So  heiirht  is  equal  to  the  depth  of  the  piston  below 
the  surfac-'  «»f  the  liquid.  It  is  further  proved,  that  this  pressure  is  equal- 
Iv  fXiTtcd  in  e\ery  dir'.«!i'>n.  beeausethe  jiiston  will  act  against  the  spring 
wirh  the  >ainr  f«.«rce.  in  whatever  pix^ilion  the  instrument  may  be  placed. 
If  it  be  placed  vertically  with  the  open  end  A  upwards,  it  will  indi- 
cate the  downward  pressure  of  the  liquid;  if  it  be  placed  vertically 
with  xhc  end  n  upwanls,  it  will  indicate  the  upward  pressure  of  the 
liijuid :  if  it  be  place«l  with  the  length  A  B  horizontal,  it  will  indicate 
the  lateral  j>rcssure ;  and  in  all  intermediate  positions  it  will  indicate 
the  pressure  in  every  other  possible  direiition. 

In  all  these  cases'  the  jMstnn  will  compress  the  spring  to  the  same 
pdint.  whatever  direeti««n  be  given  to  the  instrument,  provided  only 
the  pist(»n  c  be  kept  at  the  same  depth. 

G25.  Pressure  on  the  bottom  of  a  vessel  —  Fn^m  what  has  been 
just  established,  it  follows  that  the  pressure  upon  any  part  of  the 
surface  of  a  vessel  containing  a  li(]uid  which  is  horizontal  will  be 
uniform,  and  will  be  equal  to  the  weight  of  a 
colunm  of  the  liquid  whose  base  is  equal  to  the 
lower  surface,  and  whose  height  is  ecjual  to  the 
depth  of  such  surface  below  the  level  of  the 
liquid ;  and  in  this  case  it  must  be  observed,  that 
it  is  not  necessary  that  a  colunm  of  the  liquid 
should  be  actually  above  the  surface  in  question. 
This  consequence  leatls  to  another  form  unJtr 
■hich  the  hydnvtatic  paradox  presents  it^self. 
626.  ^^  not  her  form  of  the  hydrostatic  para- 
^,  —  I^'t  A  B  ('  I),  fg.  17S.,  1)0  a  el«»so  ves^i 
th  a  small  hdc  o  on  the  top,  in  which  a  nam-w 
ibe  TO  is  screwed, water-tight.  Let  the  vessel 
j  T  o  be  filled  with  water.  According  to  what 
the  pressure  on  the  bottom  r  D  will  be  equal  to 

SOO 
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the  weight  of  a  colamn  of  water  whose  base  would  be  equal  to  the 
area  of  the  bottom  c  d,  and  whose  height  would  be  T  M ;  that  is,  it 
would  be  equal  to  the  quantity  of  water  which  would  fill  a  vessel 
whose  base  is  c  d,  having  perpendicular  sides  D  e  and  c  F,  and  whose 
heiffht  is  D  E.  This  will  be  true,  however  shallow  the  vessel  A  b  c  D, 
and  however  narrow  the  tube  t  o,  may  be ;  and  hence  an  indefinitely 
small  quantity  of  water  may  be  made  to  produce  a  pressure  on  the 
bottom  of  the  vessel  which  contains  it,  equal  to  the  weight  of  any 
jraantity  of  water,  however  great.  As  the  pressure  depends  only  on 
tne  depth  of  d  c  below  the  level  of  the  water  in  the  tube  t  o,  it  is 
not  necessary  that  the  tube  t  o  should  be  straight ;  it  may  be  bent  or 
deflected  in  any  direction  or  form  whatever ;  but  whatever  be  its  shape^ 
the  depth  of  the  fluid  which  determines  the  pressure  is  to  be  estimated 
by  the  perpendicular  distance  of  its  upper  surface  in  the  tube  from  the 
bottom  of  the  vessel. 

627.  Pressure  on  the  side  of  a  vessel. — If  any  part  of  the  surface 
of  a  vessel  containing  a  liquid  be  not  horizontal,  the  pressure  against 
its  diflferent  parts  wiU  vary  according  to  their  depth.  Let  a  B  c  d, 
fig,  179.,  be  a  vessel  with  a  flat  bottom  and 
perpendicular  sides,  and  let  it  be  supposed 
to  be  filled  with  water.  The  depth  of  the 
side  A  B,  being  divided  into  ten  equal  parts, 
let  us  suppose  that  the  pressure  produced 
against  the  first  division  of  the  side  between 
0  and  1  is  one  pound ;  then  the  pressure  pro- 
Fig.  179.  duced  against  the  division  between  1  and  2 
will  be  two  pounds,  the  pressure  against  the  division  between  2  and  3 
will  be  three  pounds,  and  so  on ;  so  that,  in  fine,  the  pressure  pro- 
duced against  Uie  last  division,  between  9  and  10,  will  be  ten  pounds. 
Since,  therefore,  the  intensity  of  the  pressure  from  A  to  b  increases 
uniformly  with  the  depth,  the  average  pressure  will  be  found  at  the 
fifth  division,  being  the  middle  point  of  the  depth,  and  the  total 
pressure  upon  the  side  will  be  the  same  as  if  it  sustained  such  ave- 
rage pressure  upon  the  fifth  division,  distributed  uniformly  over  the 
whole  surfiM^e.  Hence  it  follows  that  the  total  pressure  upon  the  side 
of  such  a  vessel  will  be  equal  to  the  weieht  of  a  column  of  the  liquid 
whose  base  is  equal  to  the  area  of  such  side,  and  whose  height  is 
equal  to  one  half  the  depth  of  the  liquid  in  the  vessel,  or,  in  other 
words,  to  the  depth  of  the  middle  point  of  the  side  below  the 
soHaoe. 

We  have  here  supposed  the  side  of  the  vessel  to  be  vertical ;  but 
the  same  conclusion  will  follow  if  it  be  inclined  either  outwards,  as 
in^.  180.,  or  inwards,  as  in^^.  181. 

In  all  cases,  therefore,  where  the  surfiuses  which  contain  a  liquid 
are  either  vertical,  or  inclined  to  the  vertical  line,  the  total  pressure 
which  they  sustain  can  be  found  bv  multiplying  the  number  of  square 
20  801 


20  MECHANICAL  PROPERTIES  OF  LIQUIDR 

A 


Fig.  180. 


Fig.  181. 


.Get  in  the  area  of  such  surfaces  by  the  nnmber  of  fleet  in  the  depth 
of  its  middle  point,  or  more  generally  bj  the  number  of  feet  in  tbe 
perpendicular  distance  of  its  point  of  average  depth  below  the  su<- 
facc. 

G28.  Total  pressure  on  the  bottom  and  sides  mueh  greater  tham  ik 
weight  of  the  liquid.  —  It  follows,  therefore,  that  the  actual  pranm 
produced  upon  the  bottom  and  sides  of  a  vessel  which  oontaiu  t 
liquid  is  always  much  greater  than  the  weight  of  the  liquid.  It,  fif 
example,  the  vessel  have  a  cubical  form,  the  pressure  on  the  bottoa 
will  be  equal  to  the  weight  of  the  liquid,  and  the  pressure  on  each  of 
the  four  sides  will  be  eqiuil  to  one  half  the  weight  of  the  liquid;  oon- 
scqucntly,  the  total  pressure  on  the  bottom  and  sides  will  be  exactly 
three  times  the  weight  of  tbe  liquid  contained  in  the  yeaseL 

In  tall  narrow  vessels  containing  liquids,  the  pressure  against  the 
sides  far  exceeds  the  weight  of  the  liquid :  tall  casks,  dsterns,  ind 
tubes,  which  are  carried  in  a  vertical  direction,  require  to  have  a  late- 
ral strength  very  far  exceeding  that  which  would  be  necessaiy  merely 
to  support  the  liquids  they  contain. 

G29.  Pressure  on  dam  or  embankment, — ^The  increase  of  presson 
proportional  with  the  depth,  suggests  the  expediency  of  observing  a 
corresponding  variation  in  the  strength  of 
the  several  parts  of  embankmentn,  damsy 
flood-gates,  and  other  resistance!  opposed  to 
the  course  of  water. 

The  pressure  near  the  snrfiuse  is  inoon- 
siderable,  and  therefore  a  small  degree  of 
strength  is  sufficient  in  the  resisting  sur&ce ;  but  as  the  depth  in- 
creases, the  pressure  increases  in  the  same  proportion.  If,  therefore, 
as  in  the  case  of  dams  and  embankments,  the  strength  depends  upon 
the  thickness,  the  thickness  must  gradually  increase  from  the  top  to 
the  bottom,  in  proportion  to  the  depth,  so  that  while  the  interior  suf- 
face  presented  to  the  liquid  is  perpendicular,  the  exterior  surface  will 
gradually  slope,  giving  increased  thickness  to  the  wall  or  dam,  u 
represented  in^^.  182. 

The  pressure  produced  by  a  liquid  on  the  horizontal  bottom  of  the 
vessel  containing  it  depends  exclusively  on  the  magnitude  of  sneli 
bottom  and  the  depth  of  the  liquid,  and  is  altogether  indopendeDl  of 


Fig.  182. 
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*he  shape,  magnitude,  or  poeitioQ  of  the  sides,  and  therefore  of  the 
ijuantity  of  liquid  contained  in  tbe  vessel. 

630.  Experimental  verification  of  these  principles,  —  It  has  been 
shown  that  in  a  vessel  with  perpendicuhir  sides  and  horizontal  bottom, 
such  as  that  represented  in  Jig.  179.,  the  pressure  on  the  bottom  is 
equal  to  the  total  weight  of  the  liquid  contained  in  the  vessel ;  but  if 
the  ^bape  of  the  vessel  were  that  represented  in^.  180.,  the  pressure 
DQ  the  bottom  would  still  remain  the  same,  although  the  quantity  of 
liquid  would  be  considerably  greater;  and  if  the  vessel  were  shap^  as 
in^^.  181.,  the  bottom  being  still  the  same,  the  pressure  on  the  bottom 
would  remain  Uie  same,  aluough  the  quantity  of  liquid  in  the  vessel 
would  be  considerably  less.  These  results  may  be  verified  experi- 
mentally in  various  ways. 

Thus,  if  three  vessels  be  provided,  the  first  with  perpendicular,  the 
second  with  diverging,  and  the  third  with  converging  sides,  each 
having  a  moveable  bottom  fitting  it  water-tight,  let  the  bottoms  be 
pressed  against  each  vessel  with  equal  forces,  which  may  be  done  by 
a  lever,  one  arm  of  which  is  pressed  upwards  against  the  bottom  by  a 
weight  suspended  from  the  other  arm.  If  water  be  then  poured  into 
the  vessels  severally  until  such  a  quantity  has  been  introduced  that 
itfl  pressure  on  the  bottom  shall  overcome  the  resistance  of  the  lever, 
it  will  be  found  that  the  depth  of  the  water  in  each  case  necessary  to 
aooomplish  this  is  the  same. 


Fig.  183. 

Another  method  of  illustrating  experimentally  the  same  principle, 
is  as  follows:  —  Let  the  moveable  bottom  be  pressed  against  each 
vessel  by  a  string  attached  to  it  on  Uie  inside,  and  carried  up  through 
the  vessel,  and  dicn  let  the  vessels  be  plunged  in  a  cistern  of  water, 
as  represented  in  Jigs.  183.,  184.,  and  185.,  until  they  attain  such  a 
depth,  that  the  upward  pressure  of  the  water  against  tbe  bottom  will 
be  sufficient  to  keep  it  attached  to  the  vessel. 

U  the  vessels  be  immersed  to  the  same  depth,  the  upward  pressore 
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tbus  acting  upon  the  bottoms  will  be  tbe  same.  Now  let  water  be 
poured  into  each  of  the  three  yessels.  It  is  evident  that  when  such 
a  quantity  shall  have  been  introduced  as  shall  produce  a  downwaid 
pressure  upon  the  bottom  equal  to  the  upward  pressure,  the  bottom 
will  no  longer  adhere,  and  it  will  fall.  Now  it  is  found  bj  experi- 
ments conducted  in  this  manner,  that  it  requires  the  same  depth  of 
water  in  each  of  the  three  vessels  to  accomplish  this. 

631.  Pressure  on  the  surfaces  of  vessels,  whatever  be  their  form, 
—  In  the  preceding  examples,  the  surfaces  confining  the  liquid  hiie 
been  considered  to  be  fiat.  The  surfaces,  however,  of  vessels  and 
reservoirs  are  subject  to  a  variety  of  forms ;  and  it  is  neoessaiy  in 
practical  science  to  be  in  possession  of  rules  which  are  appliaUe 
generally  to  all  such  surfaces. 

The  various  parts  of  a  surface  containing  a  liquid  will,  acooiding 
to  the  principles  established,  be  subject  to  pressures  depending  odIt 
upon  depths  below  the  surface  of  the  liquid  in  the  vesscf,  all  parts  rf 
the  same  depth  being  subject  to  the  same  pressure.  If  we  imagine 
the  entire  surface  of  a  reservoir  below  the  level  of  the  water  to  le 
divided  into  square  inches,  each  square  inch  will  sustain  a  pressure 
equal  to  the  weight  of  a  column  of  water  whose  base  is  a  square  inch, 
and  whose  height  is  equal  to  the  depth  of  *he  square  inch  of  the  8ll^ 
face  in  question. 

The  total  pressure,  therefore,  sustained  by  the  surface  of  the  ^e8e^ 
voir,  may  be  ascertained  if  the  average  depth  of  the  surface  below  the 
level  of  the  water  could  be  determined,  as  in  this  case  the  total  pressure 
exerted  by  the  liquid  on  the  surface  of  the  vessel  or  reservoir  would  be 
equal  to  the  weight  of  a  column  of  the  liquid,  whoso  base  would  be 
etjual  in  area  to  the  entire  surface  of  the  vessel  or  reservoir,  and 
who!^  height  would  be  equal  to  the  average  depth  of  this  snrfue. 

632.  Method  of  ascertaining  the  point  of  average  depth,  —  Ma- 
thematical science  supplies  a  method  by  which  this  point  of  avenge 
depth  can  be  in  all  cases  calculated. 

If  we  suppose  a  thin  sheet  of  any  uniform  substance,  such  as  metil, 
to  be  spread  over  the  surface  of  the  reservoir,  and  in  close  contact 
with  it,  just  as  the  inner  surfaces  of  some  vessels  are  lined  with  tm- 
foil,  then  the  point  of  average  depth  will  be  identical  with  the  centre 
of  gravity  of  such  a  lining.  The  methods,  therefore,  by  which  the 
centre  of  g^a^^ty  is  determined,  supply  the  means  of  ascertaining  the 
points  of  average  depth  in  all  vessels  and  reservoirs ;  and  these  points 
being  ascertained,  the  total  pressure  upon  them  can  be  computed. 

683.  Examples  of  the  application  of  this. —  Excepdng  in  the  case 
of  certain  surfaces  of  regular  fonn,  the  determination  or  the  centre 
of  gravity,  however,  is  a  problem  which  cannot  be  solved  without  the 
appucation  of  mathematical  principles  of  considerable  difficul^.  The 
theorem,  however,  just  stated,  may  be  illustrated  by  examples  snfi- 
oientjy  mmple  to  be  generally  understood. 
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Let  a  hollow  sphere  be  filled  with  a  liquid  through  a  email  hole  on 
the  top.  The  centre  of  gravity  of  the  surface  of  the  sphere  is  evi- 
deDtly  its  centre,  and  therefore  the  depth  of  this  point  below  the 
height  at  which  the  level  of  the  liquid  stands  is  one  half  the  diameter 
of  the  sphere.  The  total  pressure  will  therefore  be  found  bj  multi- 
plying the  number  of  inches  in  half  the  diameter  of  the  sphere  by 
the  number  of  square  inches  in  its  surface.  By  the  principles  of 
geometry,  it  is  proved  that  the  solid  contents  of  a  sphere  are  deter- 
mined by  multiplying  the  number  of  inches  in  half  the  diameter  by 
ft  third  part  of  the  number  of  square  inches  in  the  surface.  Hence 
it  appears  that  the  pressure  produced  upon  the  surface  of  the  sphere 
bj  the  liquid  it  contains,  is  three  times  the  weight  of  its  contents. 

If  a  solid  be  immersed  in  a  liquid,  the  pressure  which  its  surface 
floffers  from  the  surrounding  liquid  is  determined  by  the  same  prin- 
nples  as  those  which  determined  the  pressure  on  the  surface  of  the 
reeael  containing  the  liquid.  Thus,  if  a  sphere  be  plunged  in  a  liquid, 
the  total  pressure  upon  its  surface  is  found  by  multiplying  the  num- 
ber of  inches  in  Uie  depth  of  its  centre  below  the  surface  of  the  liquid 
bj  the  number  of  square  inches  in  its  surface. 

The  two  hydrostatical  principles  which  have  been  established  in  the 
present  and  in  the  preceding  chapters,  first,  that  liquids  transmit  pres- 
inre  equally  in  all  directions ;  and,  secondly,  that  the  pressure  they 
produce  by  their  own  weight  is  proportional  to  the  depth,  serve  to  ex- 
plain many  fiuniliar  and  remarkable  facts. 

634.  Pressure  of  different  liquids  different.  —  But  to  render  them 
applicable  to  such  exposition,  it  is  not  sufficient  to  know  these  laws 
determining  the  transmission  and  the  variation  of  the  pressure.  It  is 
necessary  also  to  know  the  actual  amount  of  this  pressure  for  each 
particular  liquid.  Thus,  for  example,  if  two  equal  and  similar  ves- 
sels be  filled  to  the  same  depth,  the  one  with  water  and  the  other  with 
quicksilver,  it  is  evident  that  the  pressure  produced  upon  any  part  of 
the  surface  of  the  one  will  be  greater  than  the  pressure  produced  upon 
the  corresponding  part  of  the  surface  of  the  other,  in  exactly  the  same 
proportion  as  quicksilver  is  heavier  than  water. 

To  be  enabled,  therefore,  to  declare  the  actual  intensity  of  the  pres- 
rare  produced  in  each  case,  it  would  be  necessary  to  know  the  actual 
pressure  which  would  be  produced  upon  a  surface  of  given  maffuitude 
by  a  column  of  water  of  given  height;  and  further,  to  know  the  pro- 
portion which  the  weight  of  other  liquids  under  inquiry  would  bear 
bulk  for  bulk  to  tho  weight  of  water. 

635.  Actual  pressure  of  water.  — We  shall  hereafter  cxpkin  how 
the  proportional  weight  of  other  liquids  is  ascertained  and  recorded 
For  the  present,  we  shall  limit  our  observations  to  the  most  universal 
of  all  liquids,  water. 

It  is  ascertained  that  tho  weight  of  a  cubic  inch  of  water  of  the 
26  *  305 
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Gommon  tcmperataro  of  62^  Fohr.  is  a  portion  of  a  pound  ezprand 
by  the  decimal 

0086065. 
The  pressure,  therefore,  of  a  column  of  water  one  foot  bigh,  htvinc 
a  square  inch  for  its  base,  will  be  found  by  multiplying  tlua  oy  12,  ud 
consequently  will  bo 

0-4328  lb. 

The  pressure  produced  upon  a  square  foot  by  a  colnmn  one  foot 

high,  will  bo  found  by  multiplying  this  last  number  by  144;  the  mun- 

bor  of  square  inches  forming  a  square  foot  in  which  will  theiefae  be 

62-8282  lbs. 

636.  Table  showing  the  pressure  in  Lbs.  per  Square  Ikch 
AND  Square  Foot,  produced  bt  Water  at  yarioub 
Depths. 


Depth  in  Feet 

PreMoie  per  Square  Indi. 

PnmnpOTBqiumriMt 

lbs. 

lbs. 

I. 

0-4328 

62*8282 

11. 

0-8656 

124-6464 

III. 

1-2981 

186-9696 

IV. 

1-7812 

249-2928 

V. 

2-1640 

811-6160 

VI. 

2-6%8 

878-9392 

VII. 

8  0296 

486-2624 

vin. 

8-4624 

498-6856 

IX. 

8-8952 

660-9088 

X. 

4-3280 

628-2820 

Bj  the  aid  of  the  above  tabic,  the  actual  pressure  of  water  on  etch 
part  of  the  surface  of  a  vessel  eootaining  it  can  always  be  determioedy 
the  depth  of  such  part  being  given. 

Thus,  for  example,  if  it  be  required  to  know  the  pressure  upon  i 
square  foot  of  the  bottom  of  a  vessel  where  the  depth  of  the  water  is 
25  fe^,  we  find  from  the  above  table,  that  the  pressure  upon  a  sqnin 
foot  at  the  depth  of  2  feet  is 

124-6464  lbs. ; 
and,  consequently,  the  pressure  at  the  depth  of  20  feet  ia 
1246-464  lbs. : 

to  this,  let  the  pressure  at  the  depth  of  5  feet,  as  given  in  the  tdble> 
1)0  added, 

1246-464 
311-616 


1558*080  lbs. 
which  IB  therefore  the  required  pTOfffivo^. 
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687.  Tafind  the  corresponding  pressures  produced  by  other  liquids. 
—If  the  liquid  oontaiDed  in  the  vessel  be  Dot  water,  but  any  other 
whose  rektive  weight  compared  with  water  is  known,  the  calculation 
18  made  first  for  water,  and  the  result  being  multiplied  by  the  number 
ezpresang  the  proportion  of  the  weight  of  the  given  Hquid  to  that 
of  water,  the  result  will  be  the  required  pressure.  The  manner  of 
determining  this  relative  weight  will  be  given  hereafter. 

638.  Examples  ofpreuure  produced  at  great  depths. — If  an  empty 
bottle  tightly  corked  be  sunk  in  the  sea,  the  pressure  of  the  surround- 
ing water,  when  the  depth  is  sufficient,  will  either  break  the  bottle  or 
(inee  the  cork  into  it;  if  the  bottle  have  flat  sides,  it  will  be  broken ; 
if  it  be  round,  its  form  being  stronger,  the  cork  will  be  forced  in. 

If  a  piece  of  wood  which  floats  on  water  be  sunk  to  a  great  depth 
in  the  sea,  and  held  there  for  a  certain  time,  the  groat  pressure  of  the 
nrrounding  liquid  will  force  the  water  into  the  pores,  the  cffoct  of 
which  will  be  to  increase  its  weight  so  that  it  will  no  longer  be  capa- 
ble of  floating  or  rising  to  the  surface. 

Divers  plunge  with  impunity  to  certain  depths,  but  there  is  a  limit 
below  which  they  cannot  live  under  the  intense  pressure.  It  is  pro- 
bable, also,  that  there  is  a  limit  of  depth  below  which  each  species 
of  fish  cannot  live. 

639.  Uqutds  not  absolutely  incompressible.  —  Although  the  theo- 
lems  of  hydrostatics  are  established  upon  the  supposition  that  liquids 
tie  incompressible,  this  is  true  only  in  a  qualified  sense.  It  was  long 
eonsidered,  as  has  been  already  explained,  that  no  force  whatever  was 
eipable  of  compressing  them.  Experiments,  however,  instituted  in 
1761,  bj  Canton,  showed  that  they  were  compressible  in  a  slight 
degree;  and  these  experiments  have  been  corroborated  by  means 
cf  the  pressure  of  liquids  at  considerable  depths,  in  the  follow- 
ing manner.  Let  a  B,Jig.  186.,  be  a  cylindrical  vessel, 
having  a  mouth  c,  through  which  a  plunder  P  M  passes 
water-tight.  Let  this  vessel  be  completely  filled  with 
water,  the  end  of  the  plunger  being  inserted  in  the 
mouth.  Let  a  ring  be  placed  upon  the  plunger  in  con- 
tact with  the  mouth,  so  that  when  the  plunger  is  pressed 
into  the  vessel,  the  ring  will  be  forced  upwards  upon  it 
by  the  flange  of  the  mouth,  and  let  the  friction  of  the 
ring  with  the  plunger  be  sufficient  to  prevent  it  from 
falling  back  to  its  first  position  when  the  plunger  is  agriin 
drawn  out. 

Let  the  vessel  thus  prepared  be  immersed  to  a  considerable  depth 
in  the  sea.  Upon  drawing  it  up,  it  will  be  found  that  the  pressure  of 
the  surrounding  water  has  forced  the  plunger  further  into  the  vessel, 
and  that  the  water  contained  in  it  was  therefore  compressed  into  smaller 
dimensions.  Upon  drawing  up  the  vessel,  the  removal  of  the  pressure 
enabled  the  wafer  contained  in  it  to  resume  its  formcT  dimexiSVOTv^,  iJxA 
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force  the  planger  back  to  its  first  position.  When  ihe  Tefleel  is  nused 
from  the  water,  the  ring  which  was  in  contact  with  the  flange  of  the 
mouth  is  found  to  be  raised  to  a  certain  height  above  it. 

640.  Method  of  ascertaining  the  force  neceuarw  to  produce  i 
given  compression,  —  The  degree  of  compression  produoed  by  a  giveo 
force  may  be  found  by  measuring  the  total  Qontenta  of  the  vessel,  the 
magnitude  of  a  given  length,  such  as  one  inch  of  the  plnnger,  the 
dupth  of  a  vessel  to  which  the  plunger  has  been  forced,  and  the  depth 
in  the  sea  to  which  the  vessel  has  been  sunk.  At  the  depth  of  6,000 
feet,  the  volume  of  the  water  contained  in  the  vessel  is  diminished 
by  one-twentieth  of  its  original  dimensions.  Thus,  20  cubic  inchei 
of  water  will  be  reduced  to  19  cubic  inches,  under  the  pressure  of  i 
column  of  sea-water,  whose  base  is  one  square  inch,  and  whose  height 
is  6,000  feet.     But  this  pressure,  as  shown  bj  the  table,  would  be 

2696-8  lbs. 
if  it  were  produced  by  fresh  water.     But  sea-water  is  heavier  than 
fresh  water,  in  the  ratio  of  102  to  100.     Multiplying,  therefore,  the 
preceding  number  by  1-02  we  obtain 

26480  lbs. 
It  follows,  therefore,  that  water,  when  submitted  to  a  compressing 
force  amounting  to  2,648  lbs.  per  square  inch,  will  be  reduced  in 
bulk  one-twentieth,  and  that  when  released  from  that  pressure  it  will 
recover  its  volume. 

641.  Examples  of  effects  of  pressure, —  Water-pipes  for  the 
supply  of  lotcns.  —  If  a  fissure  in  a  rock  communicate  with  an  inter- 
.  \al  cavity  of  any  considerable  magnitude,  placed  at  some  depth  below 
\he  mouth  of  the  fissure,  rain  percolatiug  through,  and  filling  the  fis- 
•^ure  above  it,  might  produce  a  bursting  force  sufficient  to  split  the 
rock.  The  pressure  in  this  case,  acting  against  the  inner  surface  of  the 
cavity,  will  be  proportional  to  the  depth  of  the  cavity  below  the  top  of 
the  fissure.  It  appears  from  the  table,  page  24.,  that  for  every  foot 
in  such  difference  of  level,  there  will  be  a  bursting  pressure  of  0*4328 
lbs.  for  every  square  inch  of  the  surface  of  the  cavity. 

In  the  construction  of  pipes  for  the  supply  of  water  to  towns,  it  is 
necessary  that  those  parts  which  are  much  below  the  level  of  the 
reservoir  from  which  the  water  is  supplied  should  have  a  strength 
proportionate  to  such  difference  of  level,  since  they  will  sustain  a 
bursting  pressure  of  4-328  lbs.  per  square  inch  for  every  10  feet  by 
which  the  level  of  the  river  exceeds  in  height  that  of  the  pipe.  A 
pipe,  the  diameter  of  whose  bore  is  4  inches,  has  an  internal  circum- 
ference of  about  one  foot,  and  the  internal  surface  of  one  foot  in  length 
of  such  a  pipe  would  measure  a  square  foot.  If  such  a  pipe  wcra 
150  feet  below  the  level  of  the  reservoir,  the  bursting  pressure  which 
it  would  sustain  upon  one  foot  of  its  length  may  be  calculated  as  fol- 
lows, from  the  table,  page  24. 
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Preonire  at  100  feet  deep     - 
"  50      " 

Preasare  at  150  feet    - 


lbs. 
.    6,232 

-  3,116 

-  9,848 


Thus,  sach  a  pipe  Bhould  be  constracted  of  Bufficient  strength  to 
bear  with  aecnritj  nearly  five  tons  bursting  pressure  on  each  foot  of 
its  length. 

CHAP.  m. 
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642.  The  surface  of  a  liquid  level  wJien  at  rest.  —  When  a  liquid 
eontuned  in  any  vessel  is  in  a  state  of  rest,  its  surface  will  be  hori- 
Bcmtal ;  and  if  the  same  liquid  be  contained  in  different  vessels,  which 
hive  free  communication  with  each  other  by  tubes,  pipes,  or  other- 
vise,  then  the  surfiu^  of  these  liquids  in  tho  different  vessels  will  bo 
at  the  same  level. 

This  important  property  of  liquids,  which  is  usually  expressed  by 
itating  Uiat  liquids  maintain  their  level,  follows  immediately  from  the 
two  properties  which  have  been  established  in  the  preceding  chapters. 
It  may  be  proved  that  all  parts  of  the  surface  of  a  liquid  contained 
ID  a  vessel  must  be  at  the  same  level  when  at  rest,  by  showing  that 
if  they  be  not  at  the  same  level,  the  fluid  must  be  in  motion,  and 
ttust  continue  in  motion  until  they  attain  the  same  level. 

Let  ABC  T),Jig,  187,  be  a  vessel  containing  a  liquid  whose  sur- 
&ce  is  at  different  levels,  as  represented  at  M  n;  being  higher  at  M 
tbnatN. 

Let  us  suppose  a  partition  introduced  into  this  vessel,  dividing  its 
liquid  contents  into  two  parts,  but  having  an  opening  near  the  bottom 
at  o,  the  area  of  which  opening  we  shall 
suppose  to  measure  a  square  inch.  If  we 
take  a  column  of  the  liquid  whose  height 
is  MB,  and  whose  base  is  a  square  inch, 
this  column  will  press  at  the  bottom  b  with 
a  force  equal  to  its  weight,  and  this  pres- 
sure will  be  transmitted  equally  in  every 
direction  throughout  the  dimensions  of  the 
liquid ;  and  consequently  it  will  be  trans- 
mitted laterally  to  the  orifice  o,  and  through 
the  oriSce  o  it  will  be  transmitted  to  tVi^ 
Jjqaid  on  the  other  side  of  the  parl\V^OTu 

^0^ 


Fig.  187. 
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It  will  then  likewise  press  equally  in  every  directioa ;  and  if  we  sup- 
pose a  column,  p  Q,  having  a  square  inch  as  its  base,  this  oolomn  inll 
be  pressed  upwards  by  the  same  force,  but  its  downward  pressare  will 
be  equal  to  the  weight  of  the  column  PQ.  Thus,  a  horiioDt|l 
stratum  of  the  liquid,  measuring  a  square  inch  at  o,  will  be  preswd 
dowuwards  by  the  weight  of  the  column  p  Q,  and  upwards  by  the 
weight  of  the  column  M  B.  But  the  Litter  beine  greater  than  (he 
former,  the  upward  pressure  will  exceed  the  cbwnwardy  and  the 
column  P  Q  will  be  raised. 

The  same  will  be  true  of  every  pair  of  vertical  colnmns  into  which 
the  liquid  on  either  side  of  the  partition  may  be  resolved ;  «nd  thus 
it  follows  that  under  such  circumstances  the  liquid  will  flow  from  the 
side  M  B  towards  the  side  N  0;  the  level  of  ih%  former  fiilling,  and 
that  of  the  latter  rising. 

But  if  the  column  v  Q  were  equal  to  M  B',Jig.  188,  then  the  down- 
ward pressure  would  be  equal  to  the  upward 
pressure,  and  no  motion  would  take  plaoe; 
and  if  the  same  were  true  of  every  pair  of 
columns  into  which  the  liquid  on  either 
side  of  the  partition  could  be  resolved, 
then  no  motion  would  ensue;  that  is  to 
say,  if  the  sur^ice,  instead  of  being  at 
different  levels,  as  in^^.  187,  were  at  the 
same  level,  as  in  Jig.  188,  then,  and  not 
"9  c'     otherwise,  the  fluicT  would  remain  at  rest 

Fig.  188.  We  have  here  imagined  a  partition  to 

be  introduced,  dividing  the  vessel  ha\ing  an  orifice  near  the  bottom; 
but  it  is  evident  that  the  presence  or  absence  of  such  a  partition  can- 
not affect  the  movement  or  the  equilibrium  of  the  fluid,  since  such  a 
partition  introduces  no  force  to  affect  the  fluid  which  did  not  pre- 
viously exist. 

G43.  Examples  illustrating  the  principle,  —  This  property  of 
liquids  is  so  nearly  a  self-evident  consequence  of  their  fundamentai 
property,  that  it  is  difficult  to  demonstrate  it.  It  is  nothing  mora 
than  a  manifestation  of  the  tendency  of  the  component  parts  of  a 
body  to  full  into  the  lowest  position  which  the  nature  of  their  matoal 
connection,  and  the  circumstances  in  which  they  are  plaoed,  will  ad- 
mit. Mountains  do  not  sink  and  press  up  the  interjacent  vallejis 
because  the  cohesive  principle  which  binds  together  the  oomponent 
parts  of  their  masses,  and  those  of  the  crust  of  the  earth  upon  which 
they  rest,  is  opposed  to  the  gravity  of  their  parts,  and  is  much  more 
powerful;  but  if  this  cohesion  were  dissolved  in  the  stupendooa 
masses, — for  example,  if  the  Alps  or  the  Andes  were  liquefied,— 
these  ridges  would  sink  from  their  lofty  eminences,  and  the  circam 
jaccut  valleys  would  rise,  a  momentary  interchange  of  form  takiDg 
place)  and  this  undulation  wonid  continue,  until  the  whole 
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would  aeUle  down  into  a  nnifonn  level  sorfiEuxi.  All  iDeqnalities, 
ihereforey  which  we  obeeire  on  the  snrfiioe  of  land,  are  duo  to  the 
predominance  of  the  cohesive  over  the  gravitating  priDciple;  the 
former  depriving  the  earth  of  the  power  of  transmitting  equally  and 
in  every  direction  the  pressure  produced  by  Uie  latter. 

On  the  other  hand,  if  the  sea,  when  adtatcd  bv  a  storm,  were 
Boddenly  solidified,  the  cohesive  principle  bcmg  called  into  actioD,  the 
mass  of  water  would  lose  its  power  of  transmitting  pressure,  and 
those  inequalities  which  in  the  liquid  form  are  fluctuating  would  be- 
come fixei ;  a  wave  would  become  a  hill,  and  an  intermediate  space 
a  valley. 

644.  Maintenance  of  level  in  communicating  vessels. — The  main- 
tenance of  level  between  liquids  contained  in  communicating  vessels 


Fig.  189. 

is  established  by  reasoning  similar  to  that  by  which  the  level  surface 
of  a  liquid  contained  in  any  vessel  is  proved.  Let  A  B  o  D,Jig,  189., 
tnd  a'  b'  o'  d',  be  two  vessels,  between  which  there  is  a  pipe  of  com- 
munication b'  0. 

If  these  two  vessels  be  partially  filled  with  the  same  liquid,  the 
sar&oe  M  n  of  the  liquid  in  the  one  vessel  must  be  at  the  same  level 
with  the  sur&ce  m'  n'  of  the  liquid  in  the  other  vessel,  provided  the 
liquids  are  at  rest 

Let  us  suppose  a  stop-cock  at  P,  in  the  tube  of  communication 
b'  o,  this  tube  being  horizontal. 

By  what  has  been  proved  it  appears,  that  the  pressure  exerted  by 
the  liquid  in  A  B  o  d  upon  the  stop-cock  will  be  equal  to  the  weight 
of  a  column  of  the  liquid,  whose  base  is  equal  to  the  passage  of  the 
sttfp-cock,  and  whose  height  is  equal  to  the  depth  of  the  stop-cock 
below  the  surface  M  N. 

In  like  manner,  the  pressure  exerted  on  the  other  side  of  the  stop;- 
cock  by  the  liquid  in  the  vessel  a'  b'  c'  d',  will  be  equal  to  the  weight 
of  a  column  of  liquid,  whose  base  is  equal  to  the  opening  of  the  stop- 
cock, and  whose  height  is  equal  to  the  depth  of  the  stop-cock  below 
the  surfiuse  m'  n'. 
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Hence  it  follows,  that  the  stop-oock  will  be  prened  eqnally  in  boA 
dircctioDB,  if  the  sur&ces  M  N  and  m'  N'  are  at  equal  heights  above  it; 
and  consequently,  in  this  case,  if  the  stop-cock  be  opened,  there  will 
be  no  tendency  of  the  liquid  to  flow  in  either  direction  through  iL 

But  if,  on  the  other  hand,  the  fturfiice  M  N  be  at  a  greater  height 
above  the  stop-cock  than  the  surface  M'  n',  then  there  wul  be  a  greater 
pressure  upon  the  stop-cock  on  the  one  ude  0  than  on  the  ot£erB'; 
and  if  the  stop-cock  he  opened,  the  liquid  will  flow  from  the  vesKl 
A  n  G  D  to  the  vessel  a'  b'  c'  d'  ;  and  in  like  manner,  if  the  level  mr 
be  lower  than  the  level  M'  n',  then  the  pressure  on  the  side  0  will  be 
less  than  the  pressure  on  the  side  b',  and  the  liquid  will  flow  in  the 
contrary  direction. 

It  therefore  follows,  in  general,  that  if  the  levels  of  the  liquid  is 
the  communicating  vessels  be  the  same,  no  motion  of  the  liquid  will 
follow ;  but  if  they  be  not  the  same,  then  the  liquid  will  flow  from 
the  vessel  which  has  the  higher  level  to  the  vessel  which  has  the  lower 
level. 

645.  Experimental  iUustraiicn.  —  The  apparatna  represented  in 
fig.  190.  is  adapted  to  explain  experimentally  these  facts.  A,  B,  C,  D,  l 
are  glass  vessels  of  diflforent  shapes,  each  terminating  at  the  bottom 


Fig.  190. 

in  a  short  tube  which  is  inserted  into  a  hollow  box.    In  each  of  these 
short  tubes  is  a  stop-cock  K. 

When  the  cocks  are  all  open,  a  communication  between  the  five 
vessels  is  established  through  the  intervention  of  the  box;  bntsich 
or  all  of  the  vessels  can  be  insulated  by  closing  the  cocks. 

Let  the  stop-cocks  be  all  closed,  and  let  water  be  poured  into  the 
vessels,  so  as  to  stand  at  different  levels,  the  case  below  beinff  pre- 
viously filled  with  water.  If  all  the  cocks  be  now  opened,  it  inll  be 
observed  that  the  higher  levels  will  gradually  &11,  and  the  lower  ones 
will  rise  until  all  become  uniform.  If  the  stop-cocks  be  agun  dosed, 
and  water  be  poured  into  some  of  the  vessels,  so  aa  to  render  4he 
levels  again  unequal,  the  same  equalization  would  take  place  on  agun 
opening  the  stop-cocks. 

646.  Position  of  the  spout  of  a  vessel,  —  When  veaiela  ^y>ni^ining 
liquids  arc  supplied  with  spouts,  such  as  those  attached  to  tearpoti, 
coffee-pots,  kettles,  watering-pots,  and  the  like,  the  eztzemity  of  the 
^pout  must  always  be  above  the  top  of  the  vessel  when  the 
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■tendfl  erect,  rinoe  otherwise  the  ycssel  could  not  be  filled;  for  is 
looD  as  the  liquid  poured  into  it  would  raise  it  to  the  level  of  the  top 
of  the  spout^  any  more  liquid  which  might  be  poured  in  would  flow 
oat  at  the  spout 

Liquids  are  discharged  from  a  vessel  having  a  spout  by  inclining 
the  vessel  in  such  a  manner  that  the  mouth  of  the  spout  shall  bo  be- 
low the  level  of  the  liquid  in  the  vessel. 

647.  ThU  property  explains  the  hydrostatic  paradox,  —  Thi  ^ 
property  of  liquids  to  maintain  their  level,  when  well  understood, 
strips  every  form  of  the  hydrostatic  paradox  of  that  character  from 
which  it  has  taken  its  denomination. 

Let  A  BOD;  for  example,  j^.  191.,  be  a  large  vessel  with  perpen- 
dicular sides,  and  communicating 
by  a  short  tube  b  e  with  a  vertical 
tube  E  F.  If  water  be  poured  into 
this  vessel,  it  will  rise  to  the  same 
level  in  the  tube.  Now,  let  us  sup- 
pose the  water  which  fills  the  vessel 
above  the  level  M  N  to  be  removed, 
and  its  place  supplied  by  a  piston 
moving  water-tight  in  the  vessel; 
and  let  this  piston  be  loaded  with  a  weight  which  shall  be  equal,  in- 
cluding the  weight  of  the  piston  itself,  to  the  weight  of  all  the  water 
which  has  been  removed.  The  piston  will  then  press  on  the  water 
below  it  with  the  same  force  as  the  water  removed  previously  pressed 
upon  it ;  and  as  the  water  removed  was  sustained  by  it,  the  piston  with 
its  load  will  also  be  sustained.  Thus  it  appears  that  this  pbton  is 
supported  by  the  pressure  of  the  column  of  water  n  o  in  the  tube  e  f  ; 
and  it  will  be  easily  perceived  that  the  efiect  is  identical  with  those 
of  the  hydrostatic  bellows  and  the  hydrostatic  paradox  already  ex- 
plained. 

648.  Explanation  of  the  phenomena  of  streams^  rivers^  cataracts^ 
springs f  Sfc,  —  The  play  of  the  property  in  virtue  of  which  liquids 
maintain  their  level,  explains  an  infinite  variety  of  important  and  in- 
teresting phenomena  attending  the  circulation  of  water  on  the  surface 
of  the  globe.  By  the  natural  process  of  evaporation,  the  clouds  be- 
come charged  with  vapor,  and  are  attracted  by  the  lofty  ridges  of 
mountains,  and  all  other  elevated  parts  of  the  land,  round  which  they 
collect,  and  upon  which  they  deliver  their  contents. 

The  water  thus  deposited  upon  the  highest  parts  of  the  globe,  ha» 
A  constant  tendency,  by  reason  of  the  quality  to  which  we  refer,  to 
return  to  the  general  level  of  the  sea,  and  in  finding  its  way  thither 
gives  rise  to  the  phenomena  of  streams,  rivers,  cataracts,  lakes,  springs, 
fountains,  and,  in  a  word,  to  aU  the  infinite  variety  of  eff"ects  attend* 
ing  the  mov^tment  of  water  which  are  witnessed  throughout  the 
world. 
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If  the  waters  whidi  fall  fmm  tlio  cl'V.iils  encounter  a  snil  not  ca?il,f 
penetrable,  they  collect  in  rills  ami  form  streams  and  rivulets,  ani 
descend  along  the  sides  of  the  elevation,  8eckin«»  constantly  a  lowtr 
level;  they  encounter  in  their  course,  other  streams,  with  which  thov 
unite,  anil  at  length  swell  into  a  river;  they  follow  a  winding  channi-l. 
governed  by  the  course  of  the  valleys  and  lower  partd  of  the  lami. 
Sometimes  widening  and  spreading  into  a  spacious  area,  they  l<^»e  the 
character  of  a  river,  and  assume  that  of  a  lake :  then  again,  Uing 
C'»ntracted,  they  recover  the  character  of  a  river,  and  after  King  in- 
creased by  tributary  streams  on  the  one  side  and  on  the  other,  ibcj 
at  length  attain  their  final  destination,  restoring  to  the  ocean  tL'.**^ 
waters  which  hatl  been  originally  drawn  from  it  by  evaporati*'n. 
Throughout  the  whole  of  these  phenomena,  the  principle  in  opration 
is  the  tendency  of  liquids  to  maintain  their  level. 

But  it  sometimes  happens  that  the  rains  on  mountainous  summits 
encounter  a  soil  easily  penetrable  by  water.  In  such  cases,  the  liquid 
enters  the  crust  of  the  earth,  which  it  often  penetrates  to  great  ilepths. 

Sometimes  it  encounters  strata  which  arc  impenetrable,  and  tiu'ls 
itself  walled  in,  so  to  speak,  in  a  subterranean  reservoir.  In  this 
case,  the  liquid  is  subject  to  a  hydrostatic  pressure,  arising  from  the 
column  of  water  extending  from  the  reservoir  to  the  uppiT  surface, 
through  the  veins  and  channels,  through  which  the  r^-sorvoir  has 
been  tilled. 

This  pressure  sometimes  forces  the  water  to  break  its  way  through 
the  strata  whieh  confine  it.  In  such  eases,  it  gushes  out  in  a  spring, 
which  ultimately  enlarges  and  becomes  the  tributary  of  some  river. 
In  other  cast\<?,  however,  the  boundaries  of  the  subtorninoan  cistern 
resist  this  j»ns>ure,  and  the  water  is  there  imprisonetl.  If  thegn'juud 
above  such  a  cistern  be  bored  to  a  sufficient  depth  to  penetrate  the 
roof  of  the  cistern,  the  liquid,  having  free  exit,  will  rise  in  the  well 
thus  bored  until  it  attain  the  same  level  which  it  has  in  the  channeU 
from  which  the  subterranean  cistern  has  been  supplied.  If  this  level 
be  above  the  surface  of  the  ground,  the  water  will  have  a  tendency  to 
ru>li  upwards,  and,  if  restrained  and  regulated  in  its  discharge  by 
suitable  means,  it  may  be  formed  into  a  fountain,  from  which  water 
will  always  fit)w,  by  simply  placing  a  valve  or  c«x?k,  or  from  which 
water  may  be  made  perm.nKMitly  to  proji-et  itself  upwards  in  various 
forms,  so  as  to  produce  ^V/s  (Veau. 

If  the  level  of  the  source;,  however,  Ik?  little  less  than  that  of  the 
mouth  of  the  pit  which  has  been  dug,  then  the  water  will  rise  to  such 
level,  and  stand  there,  forming  a  well.  If  the  original  level  be  con- 
biderably  below  that  of  the  mouth  nf  the  pit,  then  the  water  will  not 
rise  in  the  pit  )»eynnd  a  certain  height  c(n'ns]>onding  to  the  Irvcl  '^f 
its  source;  an*!  in  this  cmm*  a  I'Miiqi  i<  intr  Mlui-.'tl  \\\U\  the  pit,  and 
water  is  raised  in  a  maimer  which  will  be  explained  hereafter. 
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The  preceding  obseryations  will  be  more  dearly  understood  by  re- 
ference to  the  djagram^^.  192. 


Fig.  192. 

This  diagram  may  be  considered  to  represent  a  vertieal  section  of 
the  strata  of  the  soil,  which  is  penetrated  by  the  pluviose  waters,  in 
which  Oj  hf  and  c  represent  strata  which  are  impenetrable  to  water, 
and  d  and  e  open  and  porous  strata^  and  crevices  which  are  pene- 
trable. 

If  we  suppose  the  stratum  d  to  reach  the  surface  at  g,  a  point  below 
the  level  of  the  highest  point  h  of  the  same  stratum,  then  the  water 
will  issue  from  g  as  ^m  a  spring,  with  a  force  proportional  to  the 
pressure  due  to  the  height  of  the  level  h  above  the  level  g,  deducting, 
nevertheless,  more  or  less  force  due  to  the  resistance  which  the  fluid 
encounters  in  passing  through  the  soil  of  the  stratum. 

If  a  vertical  shaft  be  sunk  at  t  through  the  impervious  strata  h, 
until  it  enters  the  stratum  f ,  then  water  would  rise  in  this  shaft  until 
it  reaches  a  height  k  corresponding  with  the  level  of  its  highest  point 
/;  but  since  this  point  k  is  above  i,  the  mouth  of  the  shaft,  Uie  water 
would  spring  upwards  towards  it,  forniins  a  jet.  If  at  the  mouth  of 
the  shaft  t  a  valve  or  cock  be  placed  which  can  be  opened  at  pleasure, 
the  water  would  be  supplied  as  required ;  or  if  small  orifices  of  any 
form  be  placed  at  the  mouth  of  the  shaft,  the  water  would  be  forced 
through  these  so  as  to  form  a  jet  d'eau.  It  is  thus  that  Artesian  wcIIm 
are  formed.  Such  a  spring  as  that  represented  at  t  will  cause  water 
to  rit<e  through  pipes,  in  buildings  or  elsewhere,  to  any  height  not  ex- 
ceeding the  level  of  the  line  k  I.  If  a  shaft  be  sunk  at  m,  a  point  of  r 
the  surface  a  little  above  the  level  Ic  I,  and  be  continued  deep  enough 
to  enter  the  stratum  e,  water  will  rise  in  this  shaft  to  a  point  n  a  little 
below  the  surface,  and  will  form  a  well.  If  the  shaft  be  sunk  at  a 
point  o  considerably  above  the  level  of  the  line  /  k,  and  be  continued, 
as  before,  deep  enough  to  enter  the  stratum  e,  then  the  water  will 
rise  to  the  point  p  corresponding  in  its  level  with  I,  and  it  will  be 
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neoossory  to  nuse  it  to  the  surfiice  0  by  metos  of  a  pomp  woridng 
in  the  shaft  o  p. 

Water  confined  in  the  lower  strata  of  the  earth  in  this  manner 
Bometiuios  bursts  its  bounds  and  rushes  into  the  bed  of  the  sea. 

649.  Singular  effect  of  hydrostatic  pressure  in  the  Rio  los  Gar- 
tos.  —  It  is  stated  oy  Humboldt^  that  at  the  month  of  the  Rio  loi 
Gartos,  there  are  numerous  springs  of  fresh  wateTj  at  the  distance  of 
five  hundred  yards  from  the  shore.  Instanoes  of  a  aimilar  kind  oocnr 
in  Burlington  Bay,  on  the  coast  of  Yorkshire^  in  Xagoa,  in  the  isLud 
of  Cuba,  and  elsewhere. 

650.  Examples  of  the  sudden  disappearance  of  rivers.  — In  le- 
complishing  their  descent  to  the  level  of  the  ocean,  rivera  sometimei 
suddenly  disappear,  finding  through  subterranean  caverns  and  chan- 
nels a  more  precipitate  course  than  any  which  the  mu^ioe  oflbrs. 

After  passing  for  a  certain  space  thus  under  ground,  they  ieq>pev 
and  flow  in  a  channel  on  the  surfaoe  to  the  sea.  Sometimes  their  rab- 
terraneous  passage  becomes  choked,  and  they  are  again  forced  to  find 
a  channel  on  the  surface.  The  waters  of  the  Oronoko  lose  them- 
selves beneath  immense  blocks  of  granite  at  the  Raudal  d^  Gariven, 
which,  leaning  against  one  another,  form  great  natural  arches,  under 
wliich  the  torrent  rushes  with  immense  fury.  The  Rhone  disappears 
between  Scysscl  and  Sluys.  In  the  year  1752,  the  bed  of  the  Rio 
del  Norte,  in  New  Mexico,  became  suddenly  dry  to  the  extent  of 
sixty  leagues ;  the  river  had  precipitated  itself  into  a  newly*fonned 
chasm  y  and  disappeared  for  a  considerable  time,  leaving  the  fine  plains 
upon  its  banks  entirely  destitute  of  water.  At  length,  after  a  lapse 
of  several  weeks,  the  subterraneous  channel  having  apparently  heoomo 
choked,  the  river  returned  to  its  former  bed.  A  similar  phenomenon 
is  said  to  have  occurred  in  the  river  Amazon,  about  tho  beginning  of 
the  eighteenth  century.  At  tho  village  of  Puyaya,  the  bed  of  that 
vast  river  was  suddenly  and  completely  dried  up,  and  remained  so  for 
several  hours,  in  consequence  of  part  of  tho  rocks  near  tho  catanet 
of  Rentena  having  been  thrown  down  by  an  earthquake. 


CHAP.    IV. 

SOLIDS  IMMERSED  IN   LIQUIDS. 

651.  Effects  of  immersion.  —  The  immersion,  partial  or  total,  nf 
solids  in  liquids,  is  attended  with  ofiects  of  great  importance  in  physi- 
cal science  and  its  application  in  the  arts. 

In  explaining  these  effects,  we  shall  limit  our  observations  in  the 
Unt  instance  to  solids  which  wvW  Tiotbc  dcmaoV;^  \^  tlsA  liqniids  in 
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which  ihej  are  immcned,  and  whose  surfaces  tlic  liquid  will  not  pene- 
trate. The  two  following  principlus  arc  demoustrutcd  by  theory,  and 
Terified  by  experiment : — 

1st.  If  a  solid  be  ImmerBcd  in  a  liquid,  it  will  displace  as  much  of 
the  liquid  as  is  equal  in  Tolumc  to  the  part  immersed. 

2d.  When  so  immersed,  it  will  be  pressed  upwards  by  a  vertical 
fi»roo  equal  to  the  weight  of  the  liquid  which  it  displaces. 

The  former  of  these  propositions  may  be  considered  as  nearly  self- 
evident  If  the  liquid  do  not  penetrate  the  surface  of  the  body  im- 
mersed in  it,  it  must  necessarily  be  displaced  by  this  body,  and  the 
quantity  fo  dispbced  will  evidently  be  equal  to  the  volume  of  that 
part  of  the  solid  which  is  immersed. 

If  the  vessel  containing  the  liquid  before  immersion  were  brimful, 
then  the  immersion  of  the  solid  would  cause  so  much  of  the  liquid  to 
overflow  as  would  be  equal  in  volume  to  the  solid  immersed.  If  the 
vessel  were  not  brimful,  then  the  surface  of  the  liquid  in  it  would  bo 
laised  by  the  immersion  of  the  solid  just  so  much  as  it  would  be  raised 
by  ponnng  in  so  much  liquid  as  is  equal  in  volume  to  that  part  of  the 
lolul  which  is  immersed. 

652.  Volume  of  a  solid  measured  by  immersion,  —  In  this  man- 
ner, the  magnitude  of  solids  may  be  easily  measured  bv  immersing 
them  in  liquids,  and  measuring  the  quantity  of  the  liquid  which  thev 
diBplaoe.  Thus,  if  a  solid  plunged  in  a  vessel  brimful  of  a  liquid, 
eanae  ten  cubic  inches  of  that  liquid  to  overflow,  then  it  may  be  con- 
duded  that  the  magnitude  of  the  solid  immersed  is  ten  cubic 
inches. 

653.  Why  liqmde  are  usually  expressed  by  measurey  and  solids 
ly  weight. — It  is  difficult  directly  to  measure  the  volumes  of  solids, 
vnlem  they  have  some  regular  figure.  Liciuids,  on  the  other  hand, 
adapting  themselves  to  the  form  of  any  vessel  in  which  they  are 
plaoedy  admit  of  measurement  by  pouring  tliem  into  vessels  of  known 
mpudtj.  Hence  it  is,  that  the  quantities  of  liquids  are  usually  ex- 
pressed by  measure,  while  those  of  solids  arc  commonly  expressed  by 
weight  But  by  the  method  just  explained,  liouids  supply  easy  means 
of  measuring  the  volumes  of  solids,  no  matter  how  irregular  the  shape 
of  the  latter  may  be,  provided  only  that  the  solids  to  be  measured 
will  not  dissolve  in,  or  be  penetrated  by,  the  liquid  in  which  it  is  im- 
mersed. 

654.  Proof  thai  a  solid  immersed  loses  the  weight  of  the  liquid  it 
displaces.  —  The  second  of  the  above  propositions  may  be  demon- 

ed  as  fellows : — 

st  A  B  0  D,  Ji^.  193.,  be  a  vessel  containing  a  quantity  qf  liquid  at 
,  whose  level  surface  is  l  l'. 

If  we  suppose  a  part  of  this  liquid  hamg  any  proposed  form  M  N 
lie  rendered  solid,  but  without  sustaining  any  other  change  in  its 
27*  %W 
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Fig.  193. 


iQtcrnal  construction  or  arnngemeot^  Focb  [ 

^jU  stiJI  contiaue  at  resi^  si^ct  no  new  fotre 
will  b(i  intrfKivMied  tending  to  disturb  its  equi- 
libnurn.  Let  o  be  the  centre  of  gravity  of 
the  mass  M  fi.  It  is  evident  tbat  it  will  baT»^ 
in  virtue  of  its  weigh t,  a  tondencj  to  sink  id 
a  vertical  line  o  v  directly  from  o  downwani% 
\ritli  a  force  equal  to  its  weight. 

Now,  aa  it  does  not  sink  by  means  of  tb 
weight,  it  must  receive  from  tlie  minooiM&^ 
fluid  pressures,  tbo  resultant  of  which  is  a  w 
glc  force  equal  and  opposite  to  Q  v,  and  which, 
therefore,  must  be  directed  upwards  in  the  Une  o  v'  with  an  inteniitj 
represented  by  the  weight  of  the  mass  M  N. 

Now  it  is  evident,  l£at  if  this  mass  be  changed  in  any  manner  ia 
its  internal  construction,  its  form  and  magnitude  being  however  pre- 
served, it  will  still  continue  to  be  subject  to  the  same  pressore  as  !»• 
fore  from  the  surrounding  fluid,  and  consequently  will  still  be  prcaed 
upwards  with  the  same  force. 

Hence  it  follows,  that  if  any  solid  whatever,  of  any  form  or  mag- 
nitude, be  submerged  in  a  liquid,  it  will  receivo  from  that  liquid  npoo 
its  surface  pressures,  the  resultant  of  which  will  be  a  single  force 
equal  in  quantity  to  the  weight  of  the  fluid  displaced,  and  directed 
vertically  upwards  from  the  point  which  would  be  the  centre  of  gravity 
of  such  fluid,  and  which  is  in  eficct  the  centre  of  gravity  of  the  sub- 
merged solid,  if  such  solid  have  uniform  density. 

65 ').  Centre  of  buoyancy  or  pressure,  —  Ilence  this  point,  which 
thus  determines  the  upward  action  of  the  fluid  surrounding  any  im- 
mersed body,  is  called  the  centre  of  buoyancy,  and  somctimcfl  the 
centre  of  pressure. 

G56.  Conditions  under  which  a  solid  will  sink  or  swim.  —  From 
this  it  will  bo  easily  perceived  that  a  solid  will  either  rise  to  the  8U^ 
face,  sink  to  the  bottom,  or  remain  suspended,  according  as  its  weight 
is  less  than,  greater  than,  or  equal  to  the  weight  of  its  own  bulk  of 
the  liquid;  for,  since  the  pressure  upwards  is  equal  to  the  weight  of 
its  own  bulk  of  the  liquid,  if  this  pressnre  exceeds  its  own  weight  it 
will  necessarily  rise  by  such  excess  of  pressure ;  if  such  pressure  bo 
less  than  its  own  weight,  then  it  will  sink  with  the  excess  of  its  own 
weight  above  such  pressure ;  and  if  that  pressure  be  equal  to  its  own 
weight,  then,  the  upward  and  downward  toudoncics  being  equal,  the 
body  will  remain  suspended,  neither  sinking  ni-r  rising. 

It  has  been  customary  to  express  these  ifit cts  by  stating  that  a 

solid  submerged  in  a  liquid  loses  so  much  of  its  own  weight  as  is 

equal  to  the  weight  of  the  liquid  it  displaces,  or,  what  is  the  same,  lO 

the  weight  of  its  own  bulk  of  the  liquid. 

657.  Experimental  vtrificatigu,  —  This  efiect  can  be  verified  bv 
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tzperiment  If  a  body  be  weighed  in  a  common  balanoe,  and  after- 
wurds  be  suspended  from  the  arm  of  the  balance,  submerged  in  the 
lioaid,  and  again  weighed,  it  will  be  found  that  its  weight,  when  so 
saomeiged,  will  be  less  than  its  weight  before  it  was  submerged  by 
the  weight  of  as  much  of  the  liquid  as  is  equal  to  its  own  volume. 

It  would,  however,  be  an  error  to  infer  from  this  that  the  weight 
which  the  solid  in  this  case  seems  to  lose,  is  destroyed.  It  is  easy  to 
show  that  thb  portion  of  its  weight  is  supported  by  the  liquid ;  for  if 
the  vessel  containing  the  liquid  be  weighed  with  its  contents  before 
the  solid  is  immersed,  and  afterwards,  it  will  be  found  that  after  the 
solid  has  been  submerged,  the  vessel  containing  the  liquid  will  be 
heavier  than  before  by  exactly  the  weight  which  the  solid  appears  to 
lose;  that  is  to  say,  by  the  weight  of  so  much  of  the  liquid  as  would 
fill  the  space  occupied  by  the  solid. 

It  is  therefore  more  correct  to  state  that  when  a  solid  is  immersed 
in  a  liquid,  such  a  part  of  the  weight  of  such  solid  is  supported  by 
the  liquid  as  is  equal  to  the  weight  of  so  much  of  the  liquid  as  is 
equal  to  the  volume  of  the  solid. 

658.  Origin  of  this  discovery  —  Anecdote  of  Archimedes, — 
The  hydrostatical  principle,  in  virtue  of  which  a  solid  submerged  in 
a  liquid  loses  weight  equal  to  that  of  the  li(iuid  it  displaces,  was  dis- 
covered by  Archimedes.  Although  this  princii)lo  is  now  so  generally 
understood  and  familiarly  known,  it  is  matter  of  tradition  that  the 
discovery  made  by  Archimedes  while  bathing  and  reflecting  on  the 
effect  produced  upon  his  own  person  by  the  buoyancy  of  the  water 
was  such,  that-,  frantic  with  joy,  he  rushed  from  the  bath  through 
the  streets  of  Syracuse,  exclaiming  << Eureka!  Eureka T'  (I  have 
discovered  it,  I  have  discovered  it !) 

If  different  solids  be  submerged  in  the  same  liquid,  the  weights 
which  they  lose,  or  appear  to  lose,  will  be  in  the  exact  proportion  of 
their  volumes ;  for  they  will  be  the  weights  of  so  much  of  the  liquid 
as  is  equal  to  those  volumes. 

Thb  supplies  a  method  of  estimating  comparatively  the  volumes  of 
difforcnt  solids,  these  volumes  being  in  the 
ratio  of  the  weights  they  lose  when  sub- 
merged iu  the  same  liquid. 

659.  A  Jloating  body  displaces  its  own 
toeiglit  of  ike  liquid.  —  We  have  here  sup- 
posed tlic  solids  to  be  totally  submerged ;  let 
us  now  consider  the  case  iu  which  they  are 
partially  immersed. 

Let  ABC  i^^^*^.  104.,  be  the  vessel  eon- 
taiiiin^j;  the  liquid,  M  N  the  bo^ly  which  is 
partially  immersed,  L  l'  the  surface  of  the 
Fig.  191.  liijuid,  E  N  F  the  part  of  the  solid  which  is 

immersed.     Aecoruliig  to  what  has  been  explained,  the  body  will  l)e 
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Bubjcct  to  an  upwa^rd  prc^ure  Dqiml  to  ihe  weight  of  the  fluid  vbi^ 
it  displaces ;  and  i^iucc  it  is  also  subject  to  a  dowDward  presnn  eonl 
to  its  own  weigh tf  it  will  sink  deeper  in  the  fiuid,  or  rise  to  >  wn 
depth,  or  remain  Buepended,  according  aa  ihaso  two  opposite  fbrw 
!ire  related.  If  the  weight  of  the  body  be  gre&ter  than  iho  w«l^t  of 
the  liquid  which  it  displaces,  it  will  sink  deeper }  if  the  weight  of  thfl 
solid  be  less  than  the  weight  of  the  ^uid  it  diBpIaoca,  then,  the  Dp- 
ward  pressure  prevailing  over  the  downward  presanre,  it  will  riie; 
and  it  can  only  remain  suRpcndedj  without  either  rinng  or  dnkjii^ 
when  the  weight  of  the  fluid  it  displaces  is  equal  to  its  own  wdt^t 

Hence  it  appears,  that  when  a  solid  floats  on  a  liquid,  neither  sink- 
ing nor  rising,  it  must  displace  as  much  of  the  fluid  as  ia  equal, to  iti 
own  weight 

GGO.  Solids  sink  or  swim  as  they  are  heavier  or  lighter  tham  their 
own  hulk  of  the  liquid,  —  Solids,  therefore,  can  neyer  float  if  thej  be 
heavier,  bulk  for  bulk,  than  the  liquids  in  which  they  are  immened. 

If  they  be  equal  in  weight,  bulk  for  bulk,  with  the  liquid,  th^ 
will  sink,  until  they  are  totally  immersed ;  but  when  once  they  an 
totally  immersed,  then,  the  upward  and  downward  pressures  bemg 
equal,  the  solid  will  neither  sink  nor  rise,  but  will  remain  Buspended 
at  any  depth  at  which  it  may  be  placed. 

To  verify  this  experimentally,  let  a  hollow  brass  ball  be  provided 
with  a  pipe  and  stop-cock,  so  as  to  admit  of  fine  sand  being  let  into 
it.  Let  the  quantity  of  sand  be  first  so  adjusted  that  the  weight  of 
the  ball  shall  exactly  equal  the  weight  of  its  own  bulk  of  water.  If 
the  ball  thus  preiiared  be  submerged  in  water,  it  will  float  at  any 
depth  at  which  it  is  placed,  neither  rising  nor  sinking;  but  if  the 
weight  of  the  ball  be  increased  by  the  addition  of  more  sand,  it  wiU 
sink  more  and  more  rapidly  as  the  excess  of  weight  is  augmented; 
and  if,  on  the  other  hand,  its  weight  be  diminished  by  witndrawing 
from  it  a  part  of  its  contents,  so  as  to  render  it  less  than  the  weight 
of  its  own  bulk  of  water,  it  will  rise  more  and  more  rapidly,  accord- 
ing as  the  excess  of  the  weight  of  its  own  bulk  of  water  above  iU 
weight  is  greater. 

Oiil.  The  buoyancy  of  a  solid  depends  on  the  ratio  of  its  weight 
to  the  weight  of  an  equal  bulk  of  the  liquid.  —  The  support,  whe^cr 
partial  or  total,  which  a  solid  sustains  from  a  liquid  in  which  it  is 
immersed,  is  expressed  by  the  familiar  term  buoyancy.  It  appears 
from  what  has  been  explained,  that  a  solid  is  buoyant  in  a  liquid  in 
proportion  as  it  is  light  and  the  liquid  heavy.  Thus  the  same  solid  is 
more  buoyant  in  quicksilver  than  in  water;  and  in  the  same  liquid, 
cork  is  more  buoyant  than  lead. 

A  solid  which  will  float  in  one  liquid  will  sink  in  another:  thus 
glass  sinks  in  water,  but  floats  in  quicksilver ;  ebony  sinks  in  spirit! 
of  wme,  but  floaUi  in  water;  ash  and  beech  float  in  water,  but  nnk  in 
ether,     AW  these  effecU  are  eifL\>U\i\ed  b^  the  fact,  that  in  each 
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the  Bolid  sinks  or  rises  according  as  it  is  heavier  or  lighter,  bulk  for 
balk,  than  the  liquid. 

662.  JVhy  toeights  are  more  easily  raised  under  water,  —  A  block 
of  stone  or  other  heavy  substance  is  more  easily  raised  at  the  bottom 
of  the  sea  than  the  same  block  would  be  on  land,  because,  immersed 
in  the  sea,  it  is  lighter  by  the  weight  of  its  own  bulk  of  sea-water 
than  it  would  be  on  land. 

In  building  piers  and  other  subaqueous  works  this  is  rendered 
manifest.  Those  who  thus  work  seem  endowed  with  supernatural 
strength,  raising  with  ease,  and  adjusting  in  their  places,  rocks  which 
they  would  vainly  attempt  to  move  above  water.  After  a  man  has 
worked  for  a  considerable  time  under  a  diving-bell,  he  finds,  upon 
letuming  to  the  upper  air,  that  he  is  apparently  weak  and  feeble ; 
everything  which  ho  attempts  to  lift  appears  to  have  unusual  weight, 
and  the  action  of  his  own  limbs  is  not  cfTccted  without  inconve- 
nience. 

663.  The  buoyancy  of  the  human  body  in  water — its  effects, — 
The  human  body  does  not  differ  much  from  the  weight  of  its  own 
balk  of  vrater ;  consequently,  when  bathers  walk  in  water  chin-deep, 
their  feet  scarcely  press  on  the  bottom,  and  they  have  not  sufficient 
purchase  upon  the  ground  to  give  them  stability.  If  they  are  ex- 
posed to  a  current  or  any  other  agitation  of  the  fluid,  they  will  be 
easily  taken  off  their  feet. 

When  air  is  drawn  into  the  lungs,  the  body  becomes  enlarged  by 
its  distension ;  and  when  it  is  expired,  the  dimensions  of  the  body 
are  again  diminished.  The  weight  of  the  body  is  so  nearly  equal  to 
that  of  its  own  bulk  of  water,  that  this  change  of  magnitude,  small 
as  it  is,  is  sufficient  to  make  it  alternately  lighter  and  heavier  than  its 
own  volume  of  water.  When  a  bather,  therefore,  inspires  so  as  to 
fill  his  chest  with  air,  he  becomes,  in  a  slight  degree,  lighter  than 
water,  and  his  head  rises  above  the  surface )  when,  on  the  other  hand, 
he  expires,  the  body  contracting  its  dimensions  without  changing  its 
weight,  becomes  heavier  than  water,  and  he  sinks.  Without  soinu 
action  to  counteract  this  oscillation,  the  alternate  sinking  and  rising 
would  produce  inconvenient  effects ;  but  this  may  bo  prevented  by  a 
slight  action  of  the  hands  and  feet,  which  resists  the  intermitting 
tendency  to  sink. 

The  facility  with  which  different  individuals  arc  able  to  float  or 
swim  varies  according  to  the  proportion  which  the  lighter  constituents 
of  the  body,  such  as  the  softer  parts,  bear  to  the  heavier,  such  as  the 
bones. 

064.  ^ny  body^  hoioever  hravy^  may  float  when  its  form  aiid 
position  fulfil  certain  conditions. — A  body  composed  of  any  material, 
however  heavy,  may  be  so  formed  as  to  float  on  a  liquid,  however 
light.  The  method  of  accomplishing  this  is  by  giving  to  the  solid 
such  a  shape  that,  when  immersed  in  the  liquid,  some  space  withir 
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the  T098cl,  below  tlic  cxtcmtkl  mtface  of  the  liquid,  will  be  oeef^M 
by  air  or  some  otliur  eubiibnoe  lighter  than  the  liquid, 
"  Thus,  if  a  tcan-up  be  placed  with  its  bottom  downw&rds  in  witeril 
will  float,  and  if  wutcr  he  poured  into  it,  it  wilt  still  floaty  but  it  will 
be  found  that  the  surfaoi^  of  the  water  in  tbe  tearcap  will  always  U 
below  that  of  the  external  water,  the  air  which  oocupira  the  difereoee 
of  the  levels  producing  the  buoyancy, 

A  ship  may  be  composed  of  matcnale  heavier,  taken  collectinly, 
than  their  own  bulk  of  water,  and  nevcrthelesA  it  floats,  bocuise  iti 
hull  contains  air  and  other  subfltancea  much  lighter  than  water;  bat 
if  8ueh  a  ship  spring  n  leak  it  will  dnk. 

Yessi'ls  laden  with  cork,  certain  8ort3  of  timber^  and  other  mb* 
stances  lighter,  bulk  for  bulk,  than  water,  will  often  become  water- 
logged, but  tho  voi^sel  and  the  cargo  taken  together  are  lighter  thin 
their  own  bulk  of  water. 

An  iron  boat  will  fl^wit  with  perfect  security,  and  if  it  be  fomol 
of  double  plates  of  mcta.1,  enclosing  a  sufficient  hollow  spaea  bt- 
tween  them,  nothing  cuu  sink  it,  so  long  as  Bueh  easing  remains  ait 
injured. 

0G5.  Weight  of  cargo  e^timatrd  hy  displacemtnL — The  weight  of 
a  vessel  including  iU  cargo  Wing  c<jual  to  that  of  tbe  water  wbieb  it 
displaces,  the  wei>;ht  of  the  cjirgo  can  always  be  deternjined  by  tirt 
<juautity  of  displueomout.  If  the  displacement  of  the  nnloden  vefr 
sel  bo  subtracted  from  the  displaconient  of  the  vessel  with  its  full 
freight,  the  difference  will  be  tho  volume  of  water  which  is  equal  in 
weight  to  the  Cdrfio. 

GOO.  JLavy  bodirs  AypjtQtlf.d  or  raised  hy  light  and  huoif09i 
bodies.  —  The  buoyancy  of  hollow  f^vlida  is  frequently  nsed  for  ihc 
purpose  of  raising  or  mippnrting  heavier  solide. 

Thus  bladders  are  ur^pd  to  support  the  body  in  water.  Inflated 
india-rubber  bags  or  belts  are  used  as  life-preservers.  Hollow  bexc* 
or  tanks  are  used  for  tlie  purpose  of  mir^ing  sunken  vessels;  these 
boxes  are  let  down  filled  with  water,  and  means  are  proyided,  when 
they  reach  the  bottom  and  are  attached  by  means  of  diying-bells  to 
the  vessels  to  be  raised,  of  pumping  out  the  water  they  contain. 
They  thus  become  empty,  and  if  they  have  sufficient  strength  to  re- 
sist the  pressure  of  the  surrounding  liquid,  and  sufficient  buoyancy  to 
overc(,nie  the  weight  of  the  vessel  to  which  they  are  attached^  they 
will  accomplish  their  purpose. 

007.  Method  of  floating  vessels  over  shoals. — The  same  experi- 
ment is  sometimes  used  to  carry  vessels  over  shoals.  An  East  In- 
diainan  drawing  15  feet  of  water  has  been  so  much  elevated  by  these 
means  as  to  draw  only  11  feet.  The  largest  vessels  of  war  in  the 
Dutch  service  were  enabled  by  these  means  to  float  over  the  banks  of 
the  Zujd(T  Zee. 

068,  Buoyancy  of  loatcr-Jowl  and  aquatic  aiwmnU. — The  \aSm 
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of  certain  spocies  of  animals  arc  much  li^^litcr  than  their  own  bulk 
of  water.     Water-fowl,  in  general,  present  examples  of  this,  their 
plamage  oontribatinff  mach  to  their  buoyancy.     Fislics   have   the 
sr  of  ohan^nff  Uieir  bulk  by  the  Toluntaiy  distension  of  an  air- 
»l  which  is  included  in  their  organization.     By  these  means  thoy 
render  themselves  at  will  lighter  or  heavier  than  their  own  bulk 
jct  water,  and  rise  to  the  surface  or  sink  to  the  bottom.     As  fishes 
cannot  obtain  the  air  necessary  for  this  voluntary  inflation  from  a  sur- 
rounding medium,  they  are  provided  with  an  apparatus  by  which  they 
can  generate  gas  for  the  purpose.     This  gas  is  in  general  not  similar 
to  atmospheric  air.     In  such  species  of  fish  as  live  near  the  surface, 
it  is  found  to  be  generally  pure  azote  or  hydrogen ;  in  those  species 
which  inhabit  strata  of  the  deep  having  a  depth  of  from  3000  to 
4000  feet)  the  gas  generated  consists  of  90  parts  of  oxygen  and  10  of 
iiote. 

669.  Thfi  funciioru  of  aquatic  animals  adapted  to  the  depths  at 

wMch  they  prevail,  —  At  a  depth  of  30,000  feet,  the  external  pres- 

lure  would  render  these  gases  as  heavy  as  their  bulk  of  water,  and 

flODsequently  the  apparatus  for  generating  them  would  lose  its  efii- 

dencj.     In  fishes  which  are  drawn  up  from  depths  of  about  3000 

fcet^  the  gas  included  in  this  apparatus  which  was  subject  }>elow  to  an 

external  pressure  of  1500  lbs.  per  square  inch,  being  a  hundred  times 

the  atmospheric  pressure,  swells,  when  brought  above  the  water,  to 

about  a  hundred  times  its  originaJ  bulk.     This  produces  some  curious 

effects,  the  internal  organs  increasing  to  such  an  extent  that  a  part  of 

them  is  driven  out  of  the  mouth  of  the  fish,  presenting  the  singular 

appearance  of  an  inflated  bladder. 

This  circumstance,  which  is  curious  and  interesting,  suggests  the 
probability  that  the  diflcrcnt  parts  of  the  sea  are  each  peopled  by  their 
inhabitants,  varying  not  only  according  to  climate,  but  according  tc 
depth. 

670.  Why  drowned  bodies  rise  to  the  surface.  — Feats  of  divers. 
—  When  an  animal  is  first  drowned,  air  being  expelled  from  the 
lungs,  the  body  is  heavier  than  its  bulk  of  water ;  but  when  decom- 
position takes  place,  gases  are  generated  in  various  organs,  the  ves- 
sels become  distended,  and  the  body  becomes  lighter  than  water,  and 
rises. 

A  solid  having  air  included,  which  is  exposed  to  the  pressure  of  the 
It|uid  in  which  it  is  immersed,  may  rise  to  the  surface,  if  it  be  only 
sunk  to  a  certain  depth ;  but  by  sinking  it  deeper,  the  pressure  of 
the  liquid  would  condense  the  air  within  the  solid,  so  that  the  weight 
of  the  solid,  including  the  air,  becomes  greater  than  that  of  the  liquid 
it  displaces,  in  which  case  it  can  no  longer  rise.  A  diver  who  plunger 
in  the  sea  is  lighter  when  he  enters  than  his  own  bulk  of  water ;  but 
if  he  sink  to  a  certain  depth,  his  dimensions  will  be  so  contracted  by 
the  sorroanding  pressure,  that  he  will  displace  a  less  quantity  of  water 
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than  hia  own  weighty  and  therefore  cannot  rwe  by  mere  ImojvMyjU 
must  ascend  by  tlic  e^certba  of  hia  limbs,  awiniming  upiward^ 

671.  Conditions  which  deiermine  the  position  in  which  a  M§ 
floats  at  rest.  —  The  conditions  which  determine  the  eqoilibriam  if 
a  floating  body,  so  far  as  relates  to  tertical  motion,  have  been  fv!); 
explained  ]  but  altliough  the  body  which  floats  may  neither  nnk 
rise,  it  docs  not  therefore  follow  that  it  will  be  at  resL  If  anj  todj 
of  irregular  figure  il^rat  upon  water  and  be  at  Teat,  its  podtion  mij  be 
temporarily  changed  without  either  raising  or  depressing  it;  anS  if 
so  changed,  upon  beitig  diwngnsed,  it  will  OBcillate  in  the  flnid  fir 
some  time,  until  at  lctlg^h  it  settles  into  a  poeition  of  rest,  and  duriog 
this  oscillation  the  body  will,  so  far  as  Tertical  motion  13  oonoCTncd, 
be  at  rest;  it  will  neither  Btuk  nor  rise,  Dcverthelesa  it  will  not  be  ia 
tH]uilibrium.  It  remaina,  therefore,  to  investigate  what  are  the  con- 
ditions which  detcruiLnc  the  ah^lutc  rcpo^  of  a  floating  bodj^  lad 
what  arc  those  forces  which  give  it  an  oscillatory  motion  without  dtber 
rising  or  sinking. 

According  to  what  has  been  already  proved  with  reference  to  Hbt 
ceiitre  of  buoyancy,  this  i^[uestioTi  of  the  oscillation  of  ftoatiog  bodia 
admits  of  e;isy  cxpUinatioiL  It  has  been  shown  that  the  upward  pres- 
sure exerted  by  a  fluid  ^n  a  solid  iinraorsed  in  it  pa^^es  through  ibit 
point  which  is  the  centre  of  pravity  of  the  fluid  displaced  by  it,  irhife 
the  downward  pre hh ore  due  to  the  WL^ight  of  the  body  always  poaaei 
through  tho  centre  of  gravity  of  the  b^xly  itself. 

Now  it  is  clear  that  if  tlu.sc  two  points,  that  is  to  say,  the  centrt 
of  gravity  of  the  fl'Kitiiii»  hixly  and  the  centre  of  buoyancy  or  the 
centre  of  gravit;;  of  tli^^  Ihiid  wlik^j  it  difiplaccs,  be  not  in  the  aanw 
vertical  line,  their  eoiiibinod  otFect  Ttiust  be  to  turn  the  body  round  in 
the  fluid  until  they  are  brought  into  the  same  vertical  line.  TYhoi 
this  happens,  the  two  forces  being  in  opposite  directions  and  eqad 
will  keep  each  other  in  e*iuilibrium,  and  will  keep  the  body  at  rat 
This  will  be  rendered  more  clearly  intelligible  by  referenoe  to  the  di- 
gram,/^.  195. 

JiCt  A  B  C  D  be  a  vessel  containing  a  liquid  whose  sorflioe  is  LL'. 
Let  M  N  be  a  body  floating  upon  it,  and  displacing  so  much  of 
the  liquid  as  is  equal  to  its  own  weight.  Ix;t  o  be  the  centre  of 
gravity  of  the  body,  and  let  o'  be  its  centre  of  buoyancy,  or  the  centre 
of  gravity  of  that  portion  of  the  liquid  which  the  body  displaces. 
Now  according  to  what  has  been  stated,  the  upward  pressure  produced 
by  the  liquid  takes  place  in  a  vertical  line  o'  o'  from  the  point  o', 
while  the  downward  pressure  due  to  the  weight  of  the  body  h 
presented  in  a  vertical  line  Q  o  downwards  from  the  point  o ;  and 
since  the  body  is  supposed  to  be  in  equilibrium,  so  far  as  relates  to 
vertical  motion,  these  two  forces  must  be  equal.  The  body  M  V  ther» 
forC;  is  under  the  operation  of  two  equal  forces,  one  aoting  in  tlie  liM 
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Fig.  195. 


G  0,  and  the  other  a'  o' ; 
nnd  it  is  evident  that  these 
forces  will  have  a  tendency 
to  turn  the  body  round  in 
the  direction  M  Q  N  P. 

It  is  evident  that  sach  a 
motion  must  be  imparted  to 
the  body  so  long  as  the 
points  O  and  o',  through 
which  the  two  equal  and  con- 
trary forces  pass,  are  not  in 
the  same  vertical  line  ;  but 
if  these  points  be  in  the 
same  vertical  line,  then  the 
two  equal  forces  acting  in 
directions  immediately  op- 
posed to  each  other  will  be 


hi  equilibrium,  and  the  body  will  be  at  rest. 

It  may  be  inferred,  therefore,  that  the  condition  of  equilibrium  of 
a  floating  body  is  two-fold. 

1^.  That  it  shall  displace  as  much  of  the  liquid  as  is  equal  to  its 
oirn  weight 

2®.  That  the  line  joining  the  centre  of  gravity  and  the  centre  of 
buoyancy  shall  be  vertical. 

The  former  condition  determines  the  equilibrium  of  the  body  with 
Reference  to  vertical  motion^  and  the  latter  with  reference  to  rotatory 
lliotion. 

672.  Condition  of  stable  equilibrium  of  a  floating  body.  —  In  a 
Conner  chapter  the  characters  of  stable,  instable,  and  ncutml  equili- 
briam  have  been  established.  All  the  conditions  incidental  to  these 
Mates  are  manifested  in  the  case  of  floating  bodies. 

It  must  be  remembered,  that  the  centre  of  gravity  of  a  body  is 
characterized  invariably  by  this  property,  that  it  will  always  endea- 
vour to  assume  the  lowest  position  which  it  can  have  compatibly  with 
the  conditions  in  which  the  body  is  placed;  and  that,  consequently, 
^hen  it  is  in  such  lowest  position,  the  bo^ly  will  be  in  stable  equili- 
brium. But  since  by  any  disturbance  of  that  position  the  centre  of 
gravity  must  be  raised,  it  will  have  an  immediate  tendency  to  resume 
it,  and  the  body  will  oscillate  round  that  position,  until  finally  the 
centre  of  gravity  settles  into  it,  and  the  body  comes  to  rest. 

A  floating  body  is  therefore  in  stable  equilibrium  when  its  centre 
of  gravity  has  the  lowest  position  which  it  can  have  compatibly  with 
the  first  condition  of  equilibrium  of  floating  bodies,  viz.  that  the  body 
shall  displace  its  own  weight  of  the  liquid.  It  is  evident  that  the 
same  solid  may  be  immersed  in  a  liquid  in  an  infinite  varietv  of  posi- 
tiozis,  in  all  of  which  it  shall  displace  its  own  weight  of  ttie  Ucmd. 
28  ai& 
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Now  in  all  these  positions  the  centre  of  gravity  of  the  solid  will  in 
general  be  found  at  different  depths.  When  the  body  has  that  posi- 
tion at  which  its  depth  is  greatest,  it  will  be  in  stable  eqailibrinm; 
but  any  change  from  that  position  necessarily  causing  the  centre  of 
gravity  to  rise,  the  body  would,  in  virtue  of  the  general  property  of 
the  centre  of  gravity  already  mentioned,  have  a  tendency  to  return  ts 
that  position,  and  would,  in  fact,  oscillate  until  it  should  recover  it 

673.  Position  of  instable  equilibrium,  —  If  the  line  joining  tiw 
centre  of  gravity  of  the  solid  and  the  centre  of  buoyancy  be  veracftl| 
but  the  position  of  the  body  be  such  that  any  slight  disturbance  of  iti 
position,  which  shall  still  cause  it  to  displace  its  own  weight  of  flnid, 
will  make  the  centre  of  gravity  descend  then  the  centre  of  grav}^ 
cannot  resume  its  former  position ;  but  in  virtue  of  the  property  al- 
ready explained  it  cannot  rise,  consequently  the  body  will  necessarilr 
turn  until  the  centre  of  gravity  descends  to  the  lowest  position  which 
it  can  have  compatibly  with  displacing  its  own  weight  of  the  iiqud. 
This  will  be  the  pasition  of  stable  equilibrium ;  the  former,  in  wnidi 
the  centre  of  gnivity  was  at  a  point  from  which  it  could  not  mofs 
without  descending,  although  in  the  same  vertical  line  with  the  oentn 
of  buoyancy,  was  a  position  of  instable  equilibrium. 

G74.  Condition  of  nnitral  equilibrium.  —  It  happens,  in  partini!* 
lar  cases,  that  the  centre  of  gravity  of  a  body  is  not  altered  in  tiw 
height  by  any  change  of  position  of  the  body  compatible  with  dis- 
placing its  own  weight  of  iliiid.  In  such  a  case  the  body  will  float 
in  ('(luilihriiim,  whatever  position  be  given  to  it,  and  this  corresponds 
to  the  condition  of  neutral  equilibrium.  A  sphere  of  uniform  density 
presents  an  example  of  this.  In  whatever  pr>sition  it  floats,  its  centra 
of  gnivity  being  at  its  goomotrical  ct^ntre,  and  the  part  immersed  be- 
ing always  a  signiiMit  nf  the  sphere  of  precisely  the  same  magnitude, 
the  centre  of  gravity  will  necessarily  be  always  at  the  same  level; 
and,  consequently,  the  sphere  will  float  indifferently  in  any  positioa 
in  which  it  may  be  placed. 

It  is  sometimes  said  that  a  floating  body,  subject  to  these  conditions, 
rests  in  stable  equilibrium  whatever  position  be  given  to  it;  but  this 
is  incorrect.  The  essential  character  of  stable  equilibrium  consists  in 
tiici  fact  that  the  floating  body,  if  disturbed  by  any  ext<»rnal  cause, 
will  recover  its  former  position  when  relieved  from  such  cause.  Now 
a  sphere,  or  any  other  body  which  has  neutral  equilibrium,  wtll  not 
recover  its  position  after  a  disturbance,  but  will  remain  in  the  new 
position  which  has  been  given  to  it.  In  short,  it  will  remain  indif- 
f<  rently  in  any  position,  and  consequently  may  be  overturned  by  any 
force  which  may  be  applied  to  it. 

075.   Conditions  which  determine  the   degree  of  stability  of  a 
floating  body.  —  The  stability  of  a  floating  body  is  susceptible  of 
Jci^rcuti, 
oucb  a  body  is  more  ot  \esa  a\aXAft,  wswyc^wi^Vft  >2a&  Cwa  ^ntb 
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irfaich  it  recovers  its  position  of  equilibrium  after  any  disturbance. 
In  ffencral,  the  stability  will  be  increased  with  the  increase  of  the 
depth  of  the  centre  of  gravity  of  the  body  below  its  centre  of  buoy- 
uiogr-  For  this  reason,  vessels  which  are  appropriated  to  the  trans- 
port of  passengers,  or  even  of  cargoes  which  are  light  in  proportion 
tn  their  bulk,  require  to  be  balUsted  by  depositing  at  the  lowest  part 
of  the  hull  immediately  above  the  keel  a  quantity  of  heavy  matter. 
In  packet  ships  the  ballast  used  for  this  purpose  is  usually  iron  pigp. 
The  centre  of  gravity  of  a  vessel  may  thus  be  brought  so  low  as 
to  give  it  such  stability  that  no  lateral  force  of  the  wind  acting  on  its 
aaite  can  capsize  it  Ucncc  is  explained  the  necessity  of  stowing  the 
heaviest  pajl  of  a  cargo  in  the  lowest  possible  position,  and  so  that 
its  centre  of  gravity  shall  be  immediately  over  the  keel.  By  such 
arrangement  any  inclination  of  the  vessel  would  cause  the  centre  of 
gravity  to  rise,  to  accomplish  which  a  force  would  be  necessary  pro- 
portional to  the  weight  of  the  vessel,  and  the  height  through  which 
nch  centre  would  be  elevated. 

The  equilibrium  of  a  boat  may  be  rendered  instable  by  the  passen- 
gers standing  up  in  it.  If  the  centre  of  gravity  of  a  vessel  be  not 
directly  over  the  keel,  the  vessel  will  incline  to  that  side  at  which  it 
]■  pUiddf  and  if  this  derangement  be  considerable,  danger  mny  ensue. 
The  rolling  of  a  vessel  in  a  storm  may  so  derange  its  cargo  that  the 
oentre  of  gravity  would  be  brought  into  a  position  which  will  throw 
the  vessel  on  her  beam-ends. 

676.  Jinalysis  of  the  effect  of  a  side  wind  on  a  ship,  —  When 
the  oentre  of  gravity  is  immediately  over  the  keel,  a  side  wind  acting 
on  the  sails  will  incline  the  vessel  the  opposite  way ;  this  inclination 
would  be  much  more  considerable  were  it  not  that  the  weight  of  the 

vessel   acting  at  the  centre  of  gravity 
V  B        counteracts  it,  and  has  a  tendency  to  re- 

^-^w  s*ore  the  vessel  to  the  upright  position. 
The  several  forces  which  maintain  the 
vessel  in  the  inclined  position  produced 
by  a  side  wind  may  be  illustrated  as  fol- 
lows. Let  A  B,  fg.  196.,  represent  the 
position  of  the  vessel ;  let  8  represent  the 
ir  point  at  which  the  wind  acts  upon  the 

sail,  and  let  s  W  represent  the  direction 
Fig.  196.  q£  jjj^j  ^jjj^j      Let  E  be  the  centre  of 

gravity  of  the  vessel  and  her  cargo,  and  let  E  F  be  the  direction  ii 
which  her  weight  acts.  Let  e'  be  the  centre  of  gravity  of  the  water 
which  the  vessel  displaces,  and  e'  f'  the  direction  of  the  upward  pres- 
Bure.  If  the  effect  of  the  upward  and  downward  forces  at  £  and  £' 
be  considered  for  a  moment,  it  will  be  perceived  that  they  have  a 
tendency  to  incline  the  vessel  to  the  side  opposite  to  that  towards 
which  it  is  inclined  by  the  wind.     By  the  principles  of  the  resoln 


^1 
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tion  of  forces,  the  force  s  w  m^j  be  repkoed  hy  three  otheis,  two  of 
which  being  equal  and  directly  opposed  to  the  upward  and  dowuwatd 
forces  at  £  and  e'  ueutruHxe  them,  and  the  third  acting  poralkl  to 
8  W  merely  carries  the  vob^I  aideways  perpendicular  to  its  keel,  pi«- 
ducing  what  is  called  h^'^ay, 

677.  Expedient  adopttd  in  ateamerM.  —  In  sailmg-Teflsela  tha 
sideward  inclinatioa  is  a  matter  of  comparativelj  alight  importance, 
inasmuch  as  it  doea  not  diminiah  the  impelling  power  of  the  windj 
but  in  steam-vesst^^ls,  in  which  smU  are  oocasionallj  need,  it  is  it- 
tended  with  considerable  loss  of  the  impelling  power,  one  of  the 
paddle-wheels  being  lifted  out  of  the  water  and  tho  other  bdng  al- 
most, if  not  entirely,  aubmcrgcd.  The  upright  position  mmj,  howcrer, 
be  generally  maintained  by  the  due  management  of  moveable  wttgtti 
plaoMl  on  the  deck  of  the  Teasel.  In  steam -vesseb  emnll  canugv 
heavily  laden  with  iron,  and  furnished  with  wheels,  are  usually  plioed 
on  the  deck,  and  may  be  rolled  from  eide  to  side  or  placed  in  tb 
middle,  so  as  to  n^gulate  the  position  of  the  centre  of  gravity  accord 
ing  to  the  way  in  which  the  vessel  is  affected  by  the  wind.  By 
moving  those  carriages  to  the  side  of  the  ve!3scl  against  which  tb« 
wind  is  directed,  the  centre  of  gravity  is  moved  from  over  the  ked 
towards  that  side.  Let  f, /f^.  197.,  represent  the  place  of  the  centif 
^  of  gravity  when  over  the  keel,  and  let  G  repit- 

eeut  the  point  to  which  the  centre  of  gravity  ii 
tmnijiftirred  by  moving  the  carrioges  to  the  iid« 
_rw      ^^  ^^^  vesBcI;  let  b  be  the  point  where  tba 
wiud  acta  upon  the  sail  s  w :  the  weight  of 
tbe  vessel  acting  at  a  has  a  tendency  to  mfllre 
it  incline  towards  M,  and  the  force  of  the  wind 
iieting  at  8,  in  the  direction  8  w,  has  a  tendency 
I.  to  make  it  incline  towards  L.   These  two  forces 
counteract  each  other  and  the  vessel  maintaini 
Fig.  197.  ^^  upright  positon. 


CHAP.  V. 


LIQUIDS   IN    MOTION. 

078  Subject  of  hydraulics.  —  The  branch  of  the  meclumical 
theory  of  liquids  which  comprises  the  investigation  of  the  principles 
which  govern  their  motion,  \a  called  Hydraulics  or  Hydrodynamics. 

It  includes  the  efTects  which  attend  liquids  issuing  from  oriffeei 
made  in  the  reservoirs  vr\\\c\i  coii\Mii  V^^m^  qt  icira^  by  preaBore 
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through  tubes  or  apertures  in  pipes  or  in  channels ;  it  includes  also 
the  motions  of  rivers  and  cuuals,  and  the  resistances  produced  by 
forces,  developed  by  the  mutual  impact  of  liquids  and  solids. 

G79.  Velocity  of  efflux  from  an  orifice.  —  If  a  small  hole  be  made 
in  the  side  of  a  vessel  which  contains  a  liquid,  it  rushes  from  it  with 
a  certain  velocity,  depending  on  the  pressure  at  the  point  where  the 
orifice  is  made.  Since  this  pressure  is  the  cause  which  imparts  the 
momentum  or  moving  force  to  the  fluid,  it  w^ill  necessarily  be  propor- 
tional to  such  momentum.  But  this  momentum  is,  according  to  what 
has  been  already  established,  proportional  to  the  quantity  of  liquid 
which  is  put  in  motion,  and  to  the  velocity  imparted  to  it,  and  is  ex- 
pressed by  multiplying  the  quantity  of  liquid  which  escapes  from  the 
orifice  in  a  second  by  the  velocity  with  which  such  liquid  is  moved. 
Now  the  column  of  liquid  which  passes  from  the  orifice  in  a  second  is 
that  whose  base  is  the  area  of  the  orifice,  and  whose  length  is  equiva- 
lent to  the  velocity  with  which  the  fluid  passes  through  it;  since  it  is 
evident  that  so  much  of  the  fluid  as  passes  through  the  orifice  in  a 
second  would  form  a  column  whose  base  is  the  orifice,  and  whose 
altitude  is  the  space  through  which  the  fluid  moves  in  a  second.  The 
effect  may  not  inaptly  be  illustrated  by  the  process  of  wire-drawing, 
in  which  the  metal  is  forced  through  a  circular  orifice.  The  quantity 
of  metal  which  passes  through  in  a  second  would  be  dctcnnincd  by 
the  area  of  the  orifice  and  the  velocity  with  which  the  wire  is  drawn. 
If,  then,  wo  multiply  the  area  of  the  orifice  by  the  velocity  with  which 
the  fluid  passes  through  it,  wc  shall  obtain  the  total  quantity  of  fluid 
which  is  discharged  in  a  second.  Thus  if  the  area  of  the  orifice  be 
expressed  by  o,  and  the  velocity  with  which  the  fluid  passes  through 
the  orifice  by  v,  then  the  total  quantity  of  fluid  discharged  in  a  second 
will  be  expressed  by 

o  X  V. 

But  this  quantity  of  fluid  being  moved  with  the  velocity  v  has 
a  moving  force  which  will  be  expressed  by  multiplying  the  quan- 
tity of  fluid  discharged  by  the  velocity,  and  therefore  will  be  ex- 
pressed by 

o  X  v'. 

680.  The  vclociiy  of  efflux  not  the  same  as  the  velocity  with  which 
(he  liquid  passes  the  orifice.  —  It  is  necosi«ary  to  distinguish  the  velo- 
city of  efliux  from  the  velocity  with  which  the  liquid  passes  through 
the  orifice,  l^y  the  velocity  of  efliux  must  be  understood  tlie  quantity 
of  liquid  discharged  from  tlie  orifice  per  second^  while  the  velocity 
of  the  lirpiid  in  issuinnr  from  the  orifice  is  measured  by  the  space 
through  which  the  liquid  would  move  in  a  second,  or,  what  is  the 
same,  as  has  been  just  explained,  the  length  of  the  column  or  vein 
of  liquid  which  passes  through  the  orifice  in  a  second.  If,  then,  e 
28*  329 
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express  the  Telocity  of  efflux,  or  the  total  voluma  of  Liquid  diAchu'gei 
in  a  sccoml,  we  eiiall  have 

E  =  O  X  V. 

Since  the  moving  force  with  which  the  quantity  expressed  hy  I  if 
propelled  is  found  by  multiplying  the  quantity  E  by  the  velocity  tith 
which  it  is  moved;  this  moving  force  will  be  E  multiplied  by  V.  Bat 
Bin  CO 

£  =  O  X  V. 
we  must,  therefore,  have 

E  X  V  =  0  X  V*. 

It  appears,  therefore,  that  the  moving  force  impressed  per  seoond 
on  the  liquid  discharged  is  proportional  to  the  area  of  the  orijue 
multiplied  by  the  square  of  tlie  velocity. 

For  orifices  of  equal  magnitude,  therefore,  the  moviDg  force  imported 
to  the  liquid  will  be  in  the  ratio  of  the  squares  of  the  velocities  witk 
which  the  liquid  is  propelled. 

681.  The  square  of  the  velocity  in  escaping  from  the  orifcepnh 
porlional  lo  the  depth. — liut  it  ha«  been  already  sthowii  that  thcinof- 
iiig  force  imparted  to  the  liquid  escaping  from  the  orifice  is  propor- 
tional to  the  pressure  of  the  li((uid  at  the  orifice.  This  pressmv,  bow- 
cvor,  is  proportional  to  the  depth  of  the  orifice  below  the  sur&ce  of 
the  Ii(]uid  in  the  vessel,  and  consef[uently  it  follows  that  the  eqoarea 
of  the  volocitios  of  the  liquid  in  passing  through  the  orifice  arc  pio> 
porti«)nal  to  the  depth. 

Thus,  if  sevend  orifices  be  made  in  a  vessel  containing  a  liquid  it 
the  dci)th  of  1,  4,  0,  and  16  feet,  the  velocities  with  which  the  liquid 
will  escape  from  those  will  be  in  the  proportion  of  1,  2,  3,  and  4. 

'J'liis  reasoning  shows  the  manner  in  which  the  velocity  varies  with 
the  depth ;  and  if  the  velocity  corresponding  to  any  particubr  depth 
wore  known,  the  velocities  at  other  depths  could  be  found.  Thus,  if 
the  velocity  at  the  depth  of  1  foot  below  the  surface  were  known,  then 
the  velocity  at  9  foot  depth  would  be  three  times  the  former;  the 
velocity  at  1(5  foot  would  be  four  times  that  velocity,  and  so  on. 

(JSii.  Vdocity  of  escape  equal  to  that  which  a  body  would  acqwrt 
in  fulling  from  a  height  equal  to  tlie  depth. — It  can  be  demonstrated 
by  niatheuiatical  principles  and  verified  by  experiment,  that  the  velo- 
city of  a  liquid  escaping  at  any  proposed  depth  is  equal  to  the  velo- 
city which  a  Ixxly  would  acquire  iu  falling  freely  in  a  vacuum  through 
a  height  equal  to  such  depth. 

Thus,  for  example,  it  is  known  that  a  body  falling  freely  through 
the  height  of  11)8  inches,  would  acquire  a  velocity,  which,  if  c<«n- 
tinued  unifi^rui,  would  cause  it  to  move  through  193  X  2  =  386 
inches  per  second. 

Now,  if  an  orifice  be  made  in  a  vessel  containing  a  liquid  at  the 
Icpth  of  193  inches  be\ow  tW  %\\Y^Aco,\\.mVV  Vve  found  that  the  liquid 
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will  flow  from  sncli  orifice  with   the   velocity  of  886  mches  per 
flccond. 

According  to  the  law  which  rogiilatoa  the  free  descent  of  falling 
bodies  (see  Handbook  of  Mechauic8,  248.),  tho  velocity  v,  acrjuired 
in  £dling  through  any  given  height  ii,  is  thus  expressed : — 

V  =  2  ^'u  X  g 
where  g  =  193  inches. 

Hence,  since  E  denotes  the  velocity  of  efflux,  or  the  quantity  of 
liquid  which  escapes  in  one  second  by  an  orifice  whose  area  is  o,  and 
whose  depth  below  the  surface  is  if,  we  shall  have 

E  =  2  o  y/  lii'ii  n"; 
ind  for  the  quantity  Q,  which  escapes  in  any  number  of  seconds^  t, 
Q  =  /  X  E 
=  2^0  ^/"TlK^H^ 
In  these  formuhc,  o  must  be  expressed  in  square,  and  n  in  linear 
inches.     The  quantity  Q  will  be  expressed  in  cubic  inches. 

If  it  were  required  to  ascertain  in  what  time  a  given  number  of 
cnbio  inches,  Q,  would  be  discharged  by  a  given  orifice  at  a  given 
depth  below  the  surface,  we  have  from  the  last  formula, 

t  = -? . 

2  o  n/  108  n 

In  what  has  been  said,  it  is  taken  for  granted  that  the  surface  of 
the  liquid  in  the  vessel  is  kept  constantly  at  the  same  level.  If  the 
Tessel  is  allowed  to  empty  itself,  the  pressure  at  the  orifice  and  the 
velocity  of  efflux  continually  diminish :  and,  consequently,  the  time 
required  to  discharge  a  given  quantity  increases.  It  can  be  proved 
by  the  higher  mathematics,  that  tho  time  required  for  a  vessel  to 
empty  itself  b  just  double  that  which  is  requin^d  to  discharge  an 
equal  quantity  of  liquid,  when  the  vessel  is  kept  full. 

Hence,  if  Q  denote  the  capacity  of  a  vessel  in  cubic  inches^  we 
shall  have  for  the  time  of  exhaustion 


o  s/  193  H 
683.  If  the  liquid  escape  by  a  jet  directed  upwards j  it  would  rise 
o  the  level  of  the  surface,  if  not  resisted  by  the  air.  —  It  has  been 
proved  that  if  a  body  be  projected  upwanls  with  any  velocity,  it  will 
rise  to  that  height  from  which  it  must  have  fallen  to  have  acquired 
tho  velocity  with  which  it  is  so  projected  upwards.  It  follows,  there- 
fore, that  if  tho  liijuid  which  escapes  from  an  orifice  issues  vertically 
upwards,  it  will  rise  to  a  height  which  is  level  with  the  surface  of  the 
liquid  in  the  vessel  from  which  it  escapes. 

E  ^^\ 
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lu^.  198.,  O,  o',  o",  Ac.,  repTvsetit  pipes  of  discharge  jDstrted  b 

a  vessel  t^onUiniJig  a  liquid,  huviag 
tlicir  openings  turned  upvpards.  Tbo 
MTeial  jets  wbicli  would  escape  frwiL 
these  oriiicea  wouhl,  if  no  distuiiHDf 
force  inten-ened,  rise  to  the  lera 
£  F  o  of  the  b'quid  in  the  vessel,  ts 
represented  in  the  figure.  Thisxesolt, 
however,  as  well  as  the  premises  fron 
which  it  is  deduced,  require  to  be 
suhmittcd  to  oonsiderahle  modifia- 
tion  hcforo  they  can  be  applied  in 
practice. 

684.  Practical  conditions  wMck 
modify  this, — In  the  preceding  in- 
vcstigution  we  have  oonaidezed.  the 
orifice  to  be  indefinitely  small,  so  thtt 
every  part  of  it  may  be  considered 
at  the  same  depth  below  the  surface.  If  it  be  not  so,  the  point  which 
dcterniines  the  velocity  would  be  its  centre.  We  have  also  considered 
the  fluid  in  issuing  from  it  as  subject  to  no  resistance  proceeding  firom 
it.s  Mi'.i^y  which  will  necessarily  be  the  case,  if  the  side  of  the  vessel 
has  any  considerable  thickue&j.  This  cause  may  be  in  part  obviated 
by  making  the  side  of  the  vessel  at  the  place  where  the  orifice  is  made 
extremely  thin. 

in  fme,  we  have  ctmHidered  the  jet  issuing  from  the  orifice  to  move 
freely  in  a  vacuum ;  instead  of  which,  in  fact,  it  encounters  the  re- 
sistance of  the  air,  which  not  only  diminishes  the  velocity,  but  scat- 
ters the  jet. 

^,\c  have  also  considered  that  the  jet  of  liquid  issuing  from  the  ori- 
fice has  the  form  of  a  cylindrical  rod,  the  orifice  being  supposed  cir- 
cular, the  thickness  of  this  cylinder  corresponding  with  the  magnitude 
of  the  oriliee. 

()S5.  The  cmitracled  vein.  —  Now  it  is  shown  by  Newton,  that  a 
jet  issuing  from  a  circular  orifice  made  in  the  thin  side  of  a  vessel  is 
not  of  a  cylindrical  form ;  that,  in  fact,  the  fluid  docs  not  issue  from 
such  an  orifice,  as  a  small  wire  would  do  from  the  hole  through  which 
it  is  passed  in  the  process  of  wire-drawing.  Newton  showed,  on  the 
contrary,  that  the  jet,  immediately  on  leaving  the  orifice,  contracts  iti 
dimensions,  and  that  at  a  distance  equal  to  the  diameter  of  the  orifice 
itself  this  contraction  attains  its  limit,  and  that  the  section  of  the  jet 
at  this  point  will  be  about  two-thinls  of  the  magnitude  of  the  orifice. 
It  is  held  by  Newton,  and  assumed  by  others  since  his  time,  that  be- 
yond this  point  the  section  (f  the  jet  w:is  enlarged,  so  as  to  take  the 
form  of  a  diverging  cone.  The  point  of  gix'ateut  contraction,  placed 
at  a  (UsUiuco  from  the  urliicc  ei^>i;\\  U)  \\&  dvacKu^u&T^  ia  called  bj  Nev- 


ton,  and  h:is  since  been  denomiuaUHl,  tlio  vrnti  c<pn!nicla  or  conlr acted 
vein. 

Now  it  is  evident  that  the  form  of  the  fluid  column,  on  proceed- 
ing from  the  orifice,  not  being  circular,  the  velocity  of  the  fluid  through 
the  orifice  must  vary,  being  greater  in  proportion  as  the  column  is 
more  contracted,  for  exactly  the  same  reason  that  the  velocity  of  a 
stream  is  necessarily  augmented  in  proportion  as  its  bed  becomes  nar- 
rower. 

In  both  cases,  the  same  actual  quantity  of  fluid  must  pass  through 
the  two  sections  of  the  stream  in  the  same  time,  and  the  narrower 
the  section  is,  the  greater,  in  the  same  proportion,  must  the  velocity 
of  the  motion  conse<[ucntly  be,  in  order  that  the  same  quantity  of  fluid 
nay  pass  through. 

680.  Velocity  of  tlie  liquid  increases  as  tJie  area  of  the  section  oj 
Ike  jet  diminishes.  —  It  appears,  therefore,  that  since  the  section  of 
the  jet  at  the  orifice  is  greater  than  its  section  at  the  contracted  vein, 
the  velocity  of  the  liquid  at  the  orifice  will  be  less  than  its  velocity  at 
the  contracted  vein,  in  the  same  proportion,  and  consequently  a  ques- 
tion arises,  which  of  these  varying  velocities  is  that  which  is  deter- 
mined by  the  depth  of  the  orifice  below  the  surface  ? 

687.  The  velocity  at  the  contracted  vein  is  tfiat  due  to  the  depth. 
—  We  have  explained  that  the  velocity  of  the  liquid  in  issuing  from 
the  orifice,  if  it  issued  in  a  cylindrical  form,  would  be  equal  to  that 
which  a  body  would  acquire  in  falling  from  a  height  equal  to  the  depth 
of  the  orifice ;  but  the  jet  not  being  cylindrical,  and  the  liquid,  con- 
sequently, having  a  varying  velocity,  the  question  arises,  at  what  point 
of  the  jet  it  will  have  the  velocity  due  to  the  depth  of  the  orifice. 
The  answer  is,  that  that  point  will  be,  not  the  orifice  itself,  but  the 
vena  contracta,  and  that,  consequently,  in  the  calculation  of  the  ve- 
locity of  efllux  by  means  of  the  rules  and  formulas  given  above,  the 
magnitude  expressed  by  o  must  be  taken  to  signify,  not  the  area  of 
the  orifice  itself,  but  the  magnitude  of  the  section  of  the  jet  of  the  vena 
contracta,  and  the  velocity  expressed  by  v  will  then  be  that  which  a 
body  would  acquire  in  falling  freely  from  the  surface  of  the  liquid  in 
the  vessel  to  the  orifice. 

688.  Contracted  vein  two-thirds  of  orifce.  —  It  may  be  stated  in 
general,  therefore,  that  when  the  side  of  the  vessel  is  thin,  and  the 
orifice  not  great,  the  area  of  the  section  of  the  vena  contracta  may  bo 
taken  as  nearly  equal  to  two-thirds  of  the  area  of  the  orifice.  Vari- 
ous circumstances,  however,  attending  the  discharge  will  modify  these 
conclusions. 

According  to  the  conclasions  of  Newton,  the  liquid  jet,  after  pass- 
ing the  vena  contract*!,  agjiin  enlarged  its  diameter,  thus  converging 
to  the  vena  contracti,  and  afterwards  diverging,  as  represented  in 
Jg.  199. 

689.  Modification  of  this  theory  by  Saoarl  and  others.  —  Re- 
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Fig.  199. 


cent  experimental  investignticiDs,  bowcvcr,  made  by  Sav^rt  and  otbeE% 
bavc  proved  that  the  phenomena  are  not  in  strict  oon- 
formity  with  Newton's  theory.  It  is  true  that  the  jet 
contracts  its  dimensions  in  issuing  firom  the  orifice,  nd 
arrives  at  the  limit  of  its  oontraotion  at  a  distance  fron 
the  orifice  equal  nearly  to  its  own  diameter. 

Savart  has  shown  that  in  all  cases,  except  when  tbe 
jet  is  discharged  upwards,  its  section  goes  on  dimin 
ishing,  though  much  less  rapidly  than  the  vena  con- 
tracta,  until  it  loses  its  form  and  is  scattered  by  the 
resistance  of  the  air.     Thus  the  contraction  is  at  finfe 
rapid,  and  the  form  of  the  jet  is  decidedly  conical  from  the  orifiee  to 
tbe  contracted  vein;   but  beyond  that  point  the 
jot  has  very  nearly  the  form  of  a  uniform  rod  of 
glass,  having  a  tendency,  however,  to  become  itill 
thinner. 

Our  limits  will  not  allow  ns  to  enter  into  tlie 
details  of  the  curious  phenomena  developed  in  tbe 
researches  of  Savart  It  may  not,  however,  be 
uninteresting  to  reproduce  some  of  his  diagraiDS, 
showing  the  form  of  jots.  Fig.  200.  repretHmts  a 
jot  which  issues  from  the  bottom  of  a  Tcssel  at  a, 
such  as  it  appears  to  the  eye.  From  a  to  n  it  baa 
the  appearance  of  a  uniform  and  straight  glass  rod; 
at  n  it  begins  to  lose  its  transparency,  and  also  to 
change  its  form,  swelling  and  contracting  alter- 
nately, and  at  unequal  intervals.  When  this  part 
of  the  jet,  however,  was  examined  with  grttter 
precision,  it  was  proved  to  consist  of,  not  a  contin- 
uous stream  of  li(|uid,  but  a  scries  of  distinct  and 
sepanitc  drops,  as  represented  in  Jig.  201. ;  the 
diljited  parts,  represented  at  v  and  n\fig.  200., 
were  formed  by  large  drops,  which  were  dilated 
horizontally,  while  the  nodes  n,  n!  were  formed  bj 
the  same  drops  dilated  vertically.  Thus  it  v^ 
pears  that  in  their  descent  the  drops  were  subject 
to  a  pulsation,  by  which  they  alternately  enlarged 
and  contracted  their  dimensions  Tcrtically  and 
horizontdly ;  but  it  was  also  proved,  that  besides 
these  drops  there  were  other  similar  dropci,  repre- 
sented by  the  dots  in  fig,  201.,  which  did  not 
change  their  form.  The  pulsations  attending  these 
alteniatc  changes  of  form  of  the  drops  produced  a 
distinct  sound.  When  a  musical  sound  of  ^^ 
same  pitch  was  produced  near  the  jet,  these  a1te^ 
fi^.  2(X).   Fie;,  coi.  Bate  pu\sai\otu&  oi  \\i&  ^\i&  V)«fiAaiA  more  r^Iar. 
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It  was  further  proved  by  these  curious  researches,  that  the  pressure 
of  the  air  has  no  influence  on  these  phenomena. 

690.  Resistance  of  liquids  to  solids  moving  through  them, — If 
a  solid  presenting  a  flat  surCeuse  in  the  direction  of  its  motion  be 
moved  through  a  liquid  which  is  at  rest,  it  will  sufier  a  certain  resist- 
ance, depending  on  the  magnitude  of  such  surface  and  the  vessel  in 
which  it  is  moved.  This  resistance  arises,  evidently,  from  the  reac- 
tion of  the  liquid  which  the  solid  displaces,  and  to  which  it  imparts 
motion.  Whatever  moving  force  the  liquid  receives  must  be  lost  by 
the  solid,  or  by  whatever  agent  replaces  the  solid.  It  is  nearly  self- 
6vidcnt|  that  with  the  same  velocity  the  resistance  will  be  proportional 
to  the  magnitude  of  the  surface,  for  it  is  clear  that  a  surface  which 
measures  two  square  feet  will  drive  a  column  of  water  twice  as  great 
as  that  which  would  be  driven  by  a  surface  measuring  one  square 
foot  The  resistance  therefore,  other  things  being  the  same,  to  a  flat 
Burfiice  moved  against  a  liquid  is  proportional  to  tlie  area  of  such 
surface. 

691.  A  flat  surface  encounters  a  resistance  which  is  as  the  square 
of  the  velocity,  — ^It  is  evident  also,  that  if  the  same  surface  be  moved 
with  difierent  velocities,  it  will  encounter  different  resistances.  The 
greater  the  velocity  with  which  it  is  propelled,  the  greater  will  be  the 
moving  force  it  will  impart  to  the  liquid,  and,  consequently,  the 
greater  will  be  the  resistance  it  encounters.  If  the  surface  be  moved 
with  a  double  velocity,  the  liquid  which  it  drives  before  it  will  also 
be  moved  with  a  double  velocity,  and  will,  consequently,  have  a 
double  momentum  or  moving  force ;  but  when  the  surface  is  moved 
with  a  double  velocity,  it  advances  through  a  double  space  in  the 
same  time,  and,  consequently,  displaces  a  double  quantity  of  liquid. 
Now  since  this  double  quantity  of  liquid  is  moved  with  a  double  ve- 
locity, it  must  have  a  four-fold  momentum,  since  the  momentum  is 
increased  in  a  two-fold  proportion  in  consequence  of  the  double  velo- 
city, and  again  in  a  two-fold  proportion  in  consequence  of  the  double 
quantity  which  is  displaced.  The  moving  force,  therefore,  which  is 
communicated  to  the  liquid  by  the  solid  will  be  four-fold  when  the 
velocity  is  doubled.  Now,  since  this  moving  force  is  the  measure  of 
the  resistance,  it  follows,  that  when  a  flat  surface  of  a  given  area  is 
moved  through  a  liquid,  the  resistance  which  it  encounters  will  be 
augmented,  not  in  the  simple  ratio  of  the  velocity,  but  as  its  square. 
Thus  a  two-fold  velocity  will  give  a  four-fold  resistance,  a  three-fold 
velocity  a  nine-fold  resistance,  and  so  on. 

692.  How  to  determine  tJie  absolute  resistance  in  moving  through 
water,  —  It  may  be  concluded,  therefore,  in  general,  that  when  a 
solid  having  a  flat  surface  is  moved  through  a  liquid,  the  resistance 
encountered  by  such  surface  will  be  proportional  to  the  magnitude  of 
the  surface  multiplied  by  the  square  of  its  velocity.  JSuch  being  the 
law  which  governs  the  variation  of  the  resistance,  wo  shall  know  the 
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total  amount  of  sucti  resistonce  in  all  cases,  provided  lis  amount  "b* 
known  for  any  one  tiutliioe  and  any  one  velodtj,  Kow  it  U  proted 
that  a  square  foot  of  ^urfiitj^  moved  with  tto  ^y^|g|||mmggf||^g 
would  acquire  in  fulling  through  193  inches,  would  anSst  a  nenstaoes 
equal  to  tho  weight  of  a  column  of  water  of  that  height,  and  having 
a  square  foot  for  its  hase. 

If  a  square  foot  of  surface,  then,  be  moved  with  any  other  Telodtf, 
greater  or  less,  the  resistance  can  be  found  by  increasing  or  diminisL- 
ing  this  resistance  in  the  ratio  of  the  square  of  the  Telocity^  and  if  t 
surface  greater  or  less  than  a  square  foot  be  so  moyed,  the  zeustaaee 
due  to  such  increase  or  diminution  will  be  found  by  increuiog  or 
diminishing  the  resistance  encountered  by  a  square  foot  in  the  aaane 
proportion. 

093.  Force  with  tDhich  a  liquid  in  motion  Writes  a  nafaee  d 
rest.  —  If  a  liquid  strike  the  flat  surfiice  of  a  solid  at  rest  with  a  oo*- 
tain  velocity,  it  will  exert  npon  such  surface  a  force  jost  doabk  the 
resistance  which  the  samo  surface  would  encounter  if  it  moved  in  tin 
liquid  with  the  same  velocity,  the  liquid  being  at  rest;  that  is  to  nj, 
the  force  exerted  on  the  surface  by  tho  liquid  would  be  equal  to  the 
weight  of  a  column  of  the  liquid  whose  base  would  be  equal  to  the 
surface,  and  whose  height  would  be  double  the  height  through  which 
a  body  would  fall  freely  in  order  to  acquire  the  velocity  with  which 
the  liquid  strikes  tho  surface. 

G94.  Force  of  resistance  when  the  motion  is  not  at  right  angles  ff 
the  surface,  —  If  the  surface  which  is  moved  against  a  liquid,  or 
upon  which  a  liquid  in  motion  acts,  be  not  at  right  angles  to  the  mo- 
tion, then  it  will  be  necessary  to  resolve  the  motion  into  two,  by  the 
principle  of  the  composition  of  forces,  one  of  which  shall  be  perpen- 
dicular to  the  surface,  and  the  other  parallel  to  it  The  latter  cu 
have  no  cfTect,  whether  the  surface  strike  the  liquid  or  the  liquid 
strike  the  surface,  and  that  element  of  the  force  which  is  perpendiicii- 
lar  to  the  surface  is  subject  to  all  the  conditions  which  have  been  jnst 
explained. 

095.  Conditions  which  determine  the  form  of  least  ren^Utnee.  — 
The  effect  produced  upon  the  resistance  offered  to  a  body  moving 
through  a  liquid  by  the  obliquity  of  the  different  parts  of  the  surface 
of  such  body  to  the  direction  of  the  motion  forms  an  important  ele- 
ment in  the  solution  of  the  problem  for  determining,  under  different 
conditions,  the  shape  of  the  solid  moved.  A  problem  which  has  at- 
tained great  celebrity  in  the  history  of  mathematics  is  one  in  which 
it  was  required  to  determine  the  form  which  should  be  given  to  a 
dotenniuate  mass  of  solid  matter,  so  that  it  might  move  through  a 
liquid  with  the  least  possible  resistance.  The  form  thus  deterauned 
is  known  in  geometry  as  the  *  solid  of  least  resistance.' 

696.  Importance  of  such  prinriples  in  naval  architecture,  "^ 
Nearly  fiimiiar  conditions  attend  t\i(^  «o\M\.\Qiii  ^  ^l  Ihe  ^^ble 
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are  presented  in  naval  architecture.  It  is  this  principle  which  causes 
the  length  of  the  vessel  to  bo  presented  in  the  direction  of  the  mo- 
tion, and  which  determines  the  shape  of  the  prow  under  the  various 
conditions  to  which  different  classes  of  vossols  are  exposed.  The 
boats  which  ply  on  rivers,  or  other  sheets  of  water  not  liable  to  much 
tcitation,  nor  intended  to  carry  considerable  freight,  are  so  constructed 
that  the  part  of  the  bottom  immersed  moves  against  the  liquid  at  ai 
extremely  oblique  angle. 

697.  Form  of  fishes,  —  It  has  been  often  mentioned,  as  an  in^ 
stance  of  the  felicitous  accordance  of  the  works  of  nature  with  the 
principles  of  science,  that  the  form  given  by  mathematicians  as  the 
solid  of  least  resistance  accords  exactly  with  the  forms  of  the  bodies 
of  fishes.  This,  however,  is  not  strictly  the  case,  and  if  it  were,  so 
fdj  from  being  an  instance  of  skill  and  design  in  the  works  of  nature, 
would  manifest  a  certain  degree  of  imperfection. 

The  solid  contemplated  in  the  celebrated  problem  adverted  to  has 
no  other  function  to  discharge  except  to  oppose  the  resistance  of  the 
fluid,  and  the  question  is  one  of  a  purely  abstract  nature,  vis.,  what 
shape  shall  be  given  to  a  body,  so  that,  while  its  volume  and  sur&oo 
continue  to  be  of  the  same  magnitude,  it  may  encounter  the  least 
possible  resistance  in  moving  through  a  fluid  ?  It  must  be  apparent 
that  many  conditions  must  enter  into  the  construction  of  an  animal, 
corresponding  to  its  various  properties  and  functions,  independently  of 
those  in  virtue  of  which  it  employs  itself  either  to  oppose  or  cleave  the  air. 

698.  Instances  of  design  in  creation.  —  Form  of  animals  intended 
to  moife  through  fluids,  —  The  discovery  of  verifications  of  the  prin- 
ciples of  physics  in  the  works  of  nature  is  in  general  so  seductive, 
that  writers  are  sometimes  tempted  to  overlook  the  inevitable  causes 
of  diswepanoy  in  their  eagerness  to  seize  upon  analogies  of  this  kind. 
Without,  however,  seeking  in  natural  objects  the  exact  solution  of  a 
mathematical  problem,  which  is  unencumbered  by  various  conditions 
which  the  author  of  nature  has  designed  to  fulfil,  innumerable  ez- 
mmpleH  may  be  produced  giving  striking  manifestation  of  design. 
Thus,  all  animals  to  whose  existence  or  enjoyment  a  power  of  easy 
and  rapid  motion  through  fluids  is  necessary,  have  been  created  with  a 
form  which,  having  a  due  regard  to  their  other  functions,  is,  upon  the 
whole,  the  best  qualified  for  this  end.  Birds,  and  especially  those  of 
rapid  flight,  are  examples  of  this.  The  neck  and  breast  tapering  from 
before,  and  increasing  by  slight  degrees  towards  the  thicker  part  of 
the  body,  causes  them  to  encounter  the  air  with  a  degree  of  obliquity 
considerably  diminishing  the  resistance,  slight  as  it  is,  which  this  at- 
tenuated fluid  opposes  to  their  flight.  But  these  conditions  are,  as 
might  be  expected,  presented  in  a  much  more  striking  point  of  view 
in  the  form  of  fishes,  and  all  the  species  which  inhabit  the  deep. 

099.   The  force  of  water  in  motion  a  moving  potoer. —  Water* 
tohcehj  overshot^  undershot  ami  breast,  —  The  force  of  water  in  motion 
29  ZZ1 
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is  rendered  available  for  mechanical  purposes  as  a  prime  mover  prifr 
cipally  in  three  ways : — 

1°.  By  means  of  the  overshot-wbeel,  represented  in  Jig.  105. 

2°.  By  moans  of  the  undershot-wheel,  represented  in  Jig.  106. 

3".  By  the  breast-whccl,  represented  in^^.  107. 

(For  figures',  sec  Iland-Book  of  Mechanics.) 

In  the  first,  the  moving  power  consists  of  the  weight  of  water  de- 
posited in  the  buckets  on  the  descending  side  of  the  wheel,  and  which 
id  di.-ichargod  from  them  at  or  near  the  lowest  point.  The  total  me- 
chauical  (>froet  is  measured  by  the  average  quantity  of  water  which 
dc«'end.s  in  the  buckets,  multiplied  by  the  heicht  through  which  it 
falls.  In  the  undershot-wheel,  the  water  acts  by  its  velocity  or  mo- 
mentum against  the  float-bcuirds,  and  its  effect  is  measured  as  has  been 
already  explained.  In  the  breast-wheel,  the  water  acta  chiefly  by  its 
weight. 

700.  Archimedes*  scrcv. — The  hydraulic  instrument  called  after 
its  inventor  the  screw  of  Archimedes,  has  recently  been  invested  with 
more  than  common  interest  by  its  succos.sful  application  to  the  pro- 
pulsion of  steain-vcssels.  This  machine  was  invented  by  Archi- 
medes in  Kgypt,  to  aid  the  inhabitants  in  clearing  the  land  Vrom  the 
periodical  overflowings  of  the  Nile.  It  was  also  used  as  a  pump,  to 
clear  water  from  the  holds  of  vessels ;  and  Athenssus  states  that  the 
name  of  Archimedes  was  held  in  great  veneration  by  seamen  on  this 
account. 

The  instrument  varies  in  form  according  to  the  manner  and  pur- 
poses of  its  application,  but  its  principle  may  be  rendered  intelligible 
as  follows : — 

Suppose  a  mctxil  tube  bent  into  the  form  of  a  corkscrew,  as  repre- 
sent^'d  in^^.  202.  Let  it  be  placed  in  an  inclined  position,  and  so 
that  the  mouth  a,  at  the  lower  end,  shall  be  in  the  highest  position  it 
can  have.  If  a  small  metal  ball  be  let  into  the  mouth  a,  it  will  M 
down  the  curved  part  till  it  arrives  at  B.  This  poiut  B  is  evidently 
so  situated,  that  the  ball  cannot  leave  it  either  on  the  one  side  or  on 
the  other  without  ascending ;  consequently,  when  the  ball  arrives  there, 
after  a  few  oscillations,  it  will  rcn)ain  at  rest.  If  the  screw  be  now 
turned,  without  changing  its  inclination  or  direction,  so  that  the  mouth 
A,  instead  of  being  at  the  higlu'st  position,  as  represented  in^^.  202., 
.  shall  be  brought  to  its  lowest  position,  as  represented  in  Jig.  203.,  the 
point  B  during  such  motion  of  the  screw  will  a.sccnd,  and  assume  the 
highest  position  which  it  can  have,  as  represented  in^^.  203. 

Now  suppose  the  ball  for  a  moment  to  be  attached  to  the  tube  so 
as  to  be  incapable  of  moving  in  it.  When  the  screw  has  been  turned 
to  the  position  represented  in  fg.  203.,  the  ball  B  would  be  at  the 
highest  point  of  the  body  of  the  tube,  and  consequently  would  be 
raised  from  the  point  b^  which  it  occupied  before  the  screw  was  turned, 
to  tbc  point  By  which  it  now  ocqwi^\^&.    M  the  ball  then  be  detached 
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Fig.  202. 


Fig.  203. 


the  hibe,  supposing  it  to  be  a  little  short  of  the  summit,  it  will 
lown  that  part  of  the  tube  from  B  to  c,  and  arriving  at  c,  it  will 
;aiii  at  a  point  of  the  tube  where  it  will  have  an  ascent  at  either 
>f  it,  and  it  will  consequently  come  to  rest 
the  ball  be  again  supposed  to  be  attached  to  the  tube  here,  and 
abe  be  again  turned  half  round,  so  as  to  give  to  it  onco  more  the 
ion  represented  in  Jig.  202.,  the  ball  will  be  at  o,  having  been 
1  from  c  to  c  in  this  half  turn.  If  then  the  ball  bo  detached  at 
ppoeing  it  to  be  a  little  beyond  the  summit,  it  will  fall  down  the 
from  c  to  D,  when  it  will  again  come  to  rest,  because  it  will  have 
cent  at  either  side  of  it. 

ins,  in  a  complete  turn  of  the  screw  the  ball  would  be  carried 
B  to  D,  jig.  202. ;  in  the  second  turn  of  the  screw  it  may  be 
Q  that  it  would  be  carried  from  D  to  f  ;  in  the  third  from  F  to  H, 
BO  on ;  until  at  length  the  ball  would  be  discharged  from  the 
r  end  of  the  tube,  at  L.     But  if  we  do  not  suppose  the  ball  to  be 

successively  attached  to  the  interior 
of  the  tube,  this  motion  from  B  to 
L,  instead  of  boins  effected  by  in- 
tervals, will  be  made  continuously; 
the  process,  however,  remaining 
the  same. 

All  that  has  been  said  of  the 
ball  in  the  tube  would  be  equally 
true  if  a  quantity  of  liquid  were 
contained  in  it.  Therefore,  if  the 
extremity  of  the  screw  were  im* 
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CHAPTER  1. 
GENERAL  PROPEETIEB  OF  AIB. 

701.  Atmospheric  air,  the  type  of  all  elastic  fluids.  —  Tho  class 
•f  bodies  which  exist  in,  or  may  be  reduced  to  the  form  of  elastic 
iDidsy  or  the  sBriform  state,  are  extremely  numerous ;  indeed,  it  18 
]it>bable  that  all  bodies  whatever,  either  by  heat,  or  other  physical 
^^ts,  may  be  converted  into  this  form.  The  most  universally  ol>- 
imable  substance  of  this  class  is  atmospheric  air.  Many  of  tho 
qoalities  found  in  this  substance  extend,  without  modification,  to  all 
dastic  fluids  whatever ;  but  there  are  some  of  tbom,  especially  when 
ipplied  to  vapours,  which  require  to  be  restricted  and  modified  by 
nrious  circumstances,  which  will  be  explained  in  a  subsequent  chapter. 
There  are  also  many  circumstances  to  be  attended  to  in  explaining  the 
poperties  of  various  gases  which  belong  to  the  department  of  chcm- 
Mtiy,  in  which  the  production  and  constitution  of  these  gases  arc  ex- 
pkined.  Our  present  object  is  limited  to  the  investigation  of  the 
aeefaanical  properties  of  the  atmosphere;  it  being,  however,  under- 
tod,  that  the  various  theorems  which  we  shall  establish  may  bo 
ttrried  into  other  departments  of  physics,  and  applied  to  all  bodies 
whatever  in  the  gaseous  form,  subject  however  to  restrictions  and 
aodifications  peculiar  to  tho  vapours  and  various  species  of  gases  to 
lAich  they  may  be  applied. 

Air  possesses,  in  common  with  all  material  substances,  the  qualities 
of  impenetrability,  inertia,  and  weight-. 

It  possesses,  in  common  with  liquids,  the  characteristic  properticH 
of  fluids,  such  as  the  free  motion  of  its  particles  amongst  each  other, 
tod  the  power  of  transmitting  pressure  equally  in  every  direction.  It 
poisesses,  also,  its  own  characteristic  properties  of  compressibility  and 
^ticity,  which  distinguish  it  from  solids  and  liquids. 

From  its  extremely  attenuated  nature,  its  great  levity,  the  facility 
jHth  which  it  is  dbplaced,  and  the  ease  with  which  bodies  pass  thruugL 
it^  its  extreme  iianspareDcj,  wbkb  renders  it  impercftptiblb  \a  u^v^ 
29  ♦  ^.\\ 
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immersed  in  a  well  or  reservoir,  so  that  tLe  water  by  its  weight  or  p^a- 
sure  would  bo  continually  forced  into  ibe  extremity  of  tbe  tube^  it 
would  bo  gradually  carried  along  tbe  spiral  by  turuing  the  sctct, 
until  it  would  at  rain  nuy  height  to  which  the  screw  might  exteivi 

In  practice,  tbe  spiral  through  whicb  the  water  i&  carried  is  not 
in  the  form  of  tbe  tube,  but  has  tbe  character  represented  in  section  in 
fg-  204. 

As  applied  to  the  propulsion  of  steam-vessels,  the  screw  is  hori- 
zontal, and  exercises  its  power,  not  by  raising  the  water,  but  bj  driving 
it  backwards :  the  re-action  of  the  water  thus  driven  g^vetf  propulsum 
to  the  vessel 
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CHAPTER  1. 
OSNERAL  PROPERTIES  OF  AIB. 

701.  Atmospheric  air,  the  type  of  all  elastic  Jluids.  —  The  clam 
of  bodies  which  exist  in,  or  may  be  reduced  to  the  form  of  eUstic 
fluids,  or  the  seriform  state,  are  extremely  numerous;  indeed,  it  ia 
probable  that  all  bodies  whatever,  either  by  heat,  or  other  physical 
agents,  may  be  converted  into  this  form.  The  most  universally  ob- 
servable substance  of  this  class  is  atmospheric  air.  Many  of  the 
qualities  found  in  this  substance  extend,  without  modification,  to  all 
elastic  fluids  whatever ;  but  there  are  some  of  them,  espocially  when 
applied  to  vapours,  which  require  to  be  restricted  and  modified  by 
various  circumstances,  which  will  be  explained  in  a  subsequent  chapter. 
There  are  also  many  circumstances  to  bo  attended  to  in  explaining  the 
properties  of  various  gases  which  belong  to  the  department  of  chem- 
istry, in  which  the  production  and  constitution  of  these  gases  are  ex- 
plained. Our  present  object  is  limited  to  the  investigation  oi  the 
mechanical  properties  of  the  atmosphere ;  it  being,  however,  under- 
stood, that  the  various  theorems  which  we  shall  establish  may  bo 
carried  into  other  departments  of  physios,  and  applied  to  all  bodies 
whatever  in  the  gaseous  form,  subject  however  to  restrictions  and 
modifications  peculiar  to  the  vapours  and  various  spodes  of  gases  to 
which  they  may  be  applied. 

Air  possesses,  In  common  with  all  material  substances,  the  qualities 
of  impenetrability,  inertia,  and  weight. 

It  possesses,  in  common  with  liquids,  the  characteristic  properties 
of  fluids,  such  as  the  free  motion  of  its  particles  amongst  each  other, 
and  the  power  of  transmitting  pressure  equally  in  every  direction.  It 
possesses,  also,  its  own  characteristic  properties  of  compressibili^  and 
elasticity,  which  distinguish  it  from  solids  and  liquids. 

From  its  extremely  attenuated  nature,  its  great  levity,  the  facility 
irith  which  it  is  displaced,  and  the  ease  with  which  bodies  pass  thruugL 
itw  its  extreme  transparency,  which  reudiers  it  imperceptible  to  sight, 
29  •  341 
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it  migbt  be,  and  in  fact  was^  doubted  whetber  air  were  material;  nd 
bence  the  word  spirit,  from  spirtlus  (air  or  hreatX)^  came  to  mgaUj 
an  immaterial  substance.  Nevertheless,  it  requires  but  little  reflee- 
tion  on  the  phenomena  of  nature,  as  will  presently  appear,  to  become 
convinced  that  air  possesses  all  the  fundamental  qnalitieB  of  matter. 

70*2.  .4/r  is  impenetrable.  —  Impenetrability,  it  will  be  remem- 
bcrcci,  is  that  quality  in  virtue  of  which  a  body  excludes  all  otben 
from  the  space  it  occupies.  If  a  hollow  vessel,  such,  for  example,  u 
a  gloss  tumbler,  be  inverted  and  immersed  with  its  mouth  downwardi 
in  water,  it  will  be  found  that  the  water  will  not  fill  the  tumbler. 
Let  a  cork  be  placed  upon  the  water  under  the  mouth  of  the  tunbler; 
and  when  the  tumbler  sinks,  the  cork  and  the  sur&ce  on  which  it 
floats  will  sink  too.  The  diving-bell  exhibits  this  experiment  on  t 
larger  scale.  A  large  hollow  vessel  is  sunk  by  weights  with  its  month 
downwards.  Seats  and  other  conveniences  are  provided  within,  od 
which  persons  may  be  accommodated,  and  the  whole  apparatus  is  thu 
let  down  to  the  bottom  of  the  sea.  Notwithstanding  the  open  month 
and  the  pressure  of  the  sea,  the  liquid  is  nevertheless  excluded  hj 
the  air  contained  in  the  bell.  The  liquid  cannot  enter  the  space  o^ 
cupied  by  the  air.     The  air  is  impenetrable. 

703.  ^Qir  has  the  quality  of  inertia,  —  Inertia,  it  will  be  remem- 
bered, is  manifested  by  the  moving  force  which  matter  has  when  it  is 
in  motion,  or  by  the  resistance  which  matter  at  rest  offers  to  other 
matter  in  motion  which  encounters  it.  Air  exhibits  in  a  most  con- 
spicuous manner  both  of  these  qualities.  Wind  is  nothing  more  than 
air  in  motion.  An  example,  therefore,  of  the  effects  of  the  power  of 
the  wind  is  a  proof  of  the  inertia  of  air.  In  a  windmill,  the  moving 
force  of  all  the  heavier  parts  of  the  machinery  proceeds  from  the  mo- 
mentum of  the  wind  acting  on  the  sails.  A  ship  is  propelled  through 
the  deep,  and  the  deep  itself  is  agitated  and  raised  into  waves,  by  the 
inertia  of  the  atmosphere  in  motion.  As  the  velocity  of  the  air  is 
augmented,  its  force  becomes  almost  irresistible,  and  we  find  build- 
ings totter,  trees  torn  from  their  roots,  and  even  the  solid  earth  itself 
yield  before  the  force  of  the  hurricane. 

When  the  atmosphere  is  calm  and  free  from  wind,  a  solid  body 
presenting  a  broad  surface  moved  against  it  must  drive  before  it  and 
put  in  motion  those  parts  of  the  air  which  lie  in  its  way.  If  the  air 
had  no  inertia,  it  would  require  no  force  to  impart  this  motion  to  it; 
but  universal  experience  proves  that  the  force  encountered  by  a  body 
moving  through  the  air  is  great  in  proportion  to  the  magnitude  of  the 
surface  which  encounters  the  air,  and  to  the  speed  with  which  it  is 
moved.  Open  an  umbrella  and  endeavour  to  carry  it  alone  siriftly, 
with  the  concave  side  presented  forwards,  and  you  immediately  en- 
counter a  great  resistance.  This  force  is  nothing  more  than  what  is 
necessary  to  push  the  air  before  it.  On  the  deck  of  a  steamboat  pro- 
pelled  with  considerable  speed,  ot  ou  the  tAp  of  a  railway  einiagey  we 


GENERAL  PROPERTIES  OF  AIR.  61 

&el  on  the  calmest  day  a  Jbrccso  in  a  direction  contrary  to  that  in 
which  wo  are  moved.  This  arises  from  the  sensation  produced  hy  the 
surface  of  our  body  displacing  the  air  as  wo  are  carried  through  it. 

704.  Numerous  examples  of  its  inertia.  —  It  is  the  inertia  of  the 
atmosphere  which  gives  effect  to  the  wings  of  birds.  Were  it  possible 
:or  a  bird  to  live  without  respiration,  and  in  a  space  void  of  air,  it 
voald  no  longer  have  the  power  of  flight.  The  plumage  of  tho 
xingji,  bcine  spread  and  acting  with  a  broad  surface  on  the  atmo- 
sphere beneath  them,  is  resisted  by  the  inertia  of  the  atmosphere,  so 
that  the  air  forms  a  fulcrum,  as  it  were,  on  which  the  bird  rises  by 
the  leverage  of  its  wings.  The  wings  of  birds  are  krgcr  in  propor- 
tion to  their  bodies  than  the  fins  of  fishes,  because  the  fluid  on  which 
they  act  is  less  dense,  and  has,  proportionally,  less  inertia  than  the 
water  upon  which  tho  fins  of  fishes  act. 

705.  Air  is  compressible. — In  this  quality  it  is  distinguished  from 
the  other  class  of  fluids  called  liquids.  It  has  been  shown  that  liquids 
are  practically  incompressible;  for  although,  as  a  philosophical  fact,  a 
mass  of  liquid  may  by  the  action  of  an  cxtrenio  force  of  compression 
be  diminished  in  a  very  minute  degree  in  its  volume,  it  does  not 
possess  tho  quality  of  compressibility  in  the  Siimc  manner  in  which  it 
IB  manifested  in  ssrifomi  bodies.  If  air  be  iocludcd  in  a  cylinder  in 
which  a  piston  moves  air-tight,  the  piston,  being  urged  downwards  by 
any  force,  will  compress  tho  air  into  smaller  dimensions,  and  there  is 
no  practical  limit  to  this  compression :  if  the  force  that  urges  the 
piston  bo  doubled  or  tripled,  the  air,  as  will  be  hereafter  proved,  will 
be  reduced  to  one-hjilf  or  one-third  of  its  dimensions. 

When  a  diving-bell  is  sunk  to  a  considerable  depth  in  the  sea,  the 
water  which  enters  its  mouth,  though  it  cannot  displace  the  air,  com- 
presses it,  and  rises  to  a  certain  height  within  the  bell,  the  air  giving 
way  to  it  and  being  condensed  into  a  smaller  space. 

706.  Air  is  elastic.  —  This  is  another  quality  which  distinguishes 
seriform  bodies  from  liquids.  If  a  liquid  be  deposited  in  a  cylinder 
nnder  a  piston,  it  will  remain  there,  its  surface  maintaining  the  samo 
position  to  whatever  height  the  piston  may  be  raised  above  it;  but  if 
air  be  contained  in  a  cylinder  under  a  piston  which  moves  air-tight, 
on  raising  the  piston  the  air  will  expand,  so  as  still  to  fill  the  aug- 
mented space  below  the  piston ;  and  this  expansion  will  continue  to 
whatever  height  the  piston  may  be  raised,  and  to  whatever  extent  the 
space  be  augmented,  in  which  the  air  is  free  to  circulate. 

It  is  evident  that  this  tendency  to  enlarge  its  volume,  and  which  is 
expressed  by  the  term  elasticity,  will  cause  the  air  confined  in  any 
vessel  to  press  on  the  inner  surface  of  such  vessel  with  a  force  cor- 
responding to  its  tendency  to  expand.  If  no  corresponding  external 
pressure  act  upon  tho  surface  of  such  vessel,  the  air  will  have  a  ten- 
dency to  "burst  it,  and  will,  in  fact,  burst  it  if  it  have  not  strength  to 
resist  the  elastic  force.     We  are  enabled,  by  means  which  will  lie 
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explained  hereafter,  to  remove  the  atmoBphere  fircym  anmnd  an  iaflatei    ' 
Uttdder.     On  doing  thiiy  the  elasticity  of  the  air  included  in  tht 
bladder,  being  unresisted  by  any  external  preaanre,  will  bunt  tha 
bladder,  if  it  have  not  a  strength  corresponding  to  anch  elaaticity. 

707.  Jiir  as  weight.  —  Means  will  be  explained  hesreafter  by  whiek 
ur  can  be  withdrawn  from  the  interior  of  any  Tesael  which  contains 
it,  in  the  same  manner  exactly  as  water  can  be  pumped  from  a  well. 
Let  a  copper  flask,  holding  about  two  quarts,  having  a  nanow  neck 
provided  with  a  stop-cock,  be  dischar^rod  of  its  air,  and  let  it  be 
correctly  weighed.  Let  the  stop-cock  be  now  opened,  and  the  air 
readmitted,  and  let  it  be  again  weighed.  It  will  be  found  to  be 
heavier  than  before,  by  the  weight  of  the  air  readmitted  to  it.  Let 
an  instrument,  which  will  bo  hereafter  described,  be  next  applied  to 
the  mouth  of  the  flask,  and  let  air  be  compressed  into  it  so  aa  to  make 
it  contain  twice  as  much  aa  before,  and  the  stopHXKsk  being  doaed,  let 
it  be  again  weighed. 

The  increase  of  weight  produced  in  this  last  case  will  be  found  to 
be  exactly  equal  to  the  increase  of  weight  produced  by  readmitliqg 
the  air  into  the  empty  flask.  In  both  cases  the  augmented  wei^t 
arises  from  the  increased  weight  of  the  air  contained  in  the  flaak. 

Having  thus  explained,  in  general,  the  properties  of  air,  we  shall 
in  the  following  chapters  trace  these  properties  through  their  most 
important  consequences. 


CHAP.   II. 

COMPRESSIBILITY   AND   ELASTICITY  OF   AIR. 

708.  The  diminution  of  the  volume  of  air  is  proportional  to  the 
force  which  compresses  it. — It  has  been  explained,  in  general,  that 
when  air  is  submitted  to  the  action  of  any  compressing  force,  it  will 
be  reduced  iu  its  volume.  It  remains  now  to  investigate  in  what 
proportion  its  volume  will  be  diminished  by  any  given  increase  of 
the  force  which  compresses  it. 

It  is  found,  by  experiment,  that  the  diminution  of  volume  will 
bo  in  the  exact  proportion  of  the  compressing  force.  If  the  com- 
pressiog  force  be  doubled,  the  air  which  is  compressed  will  be  re- 
duced to  half  its  volume ;  if  the  compressing  force  be  increased  in 
a  threefold  proportion,  the  volume  of  the  air  compressed  will  be  di- 
raiuished  in  a  tbrcefuld  proportion,  and  so  on. 

Let  ABC  Dyjig.  205^  be  a  glass  tube,  curved  at  one  end^  b  (^  and 
luviog  a  short  leg  C  D,  mik  &  Blo^ock  ^1  \U  extremity  d.     Let 
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tbe  leg  A  B  be  more  tban  6  feet  in  length.  The  stop-cock  d  being 
opened,  bo  &a  to  allow  free  communication  with  the  air,  and  tho 
month  of  the  longer  leg  a  being  also  open,  let  so  much  mercury  bo 
poured  into  the  tube  as  will  fill  the  curved  part  b  c,  and  rise  to  a 
Ruall  height  in  each  leg.  Tho  surfaces  E  and  F  will  then,  accord- 
ing to  the  principles  already  explained,  stand  at  the  samo  level.  Let 
the  stop-cock  D  be  now  closed,  so  that  the  air  in  the  lee  D  F  shall  bo 
ihot  off  from  communication  with  the  external  atmosphere. 

The  surfaces  e  and  F  will  still  remain  at  the  same  level. 

They  are,  however,  now  acted  upon  by  different  forces ;  the  sur- 
&oe  E  is  acted  upon  by  the  weight  of  tho  atmosphere  transmitted 
through  the  open  tube  A  e.  But  the  weight  of  the  atmosphere  does 
not  act  upon  the  surfiice  f,  inasmuch  as  the  stop-cock  D  is  closed,  and 
ill  communication  with  the  external  air  intercepted.  The  sur&icc  of 
the  mercury  at  F  is  therefore  acted  on  only  by  the  elasticity  of  the 
ur  inclosed  in  the  tube  d  f  ;  and  since  the  surfaces  E  and  f,  under 
these  circumstances,  continue  at  the  same  level,  it  follows  that  the 
veight  of  the  atmosphere  acting  at  e  is  equal  to  the  elasticity  of  the 
atmosphere  manifested  by  the  air  inclosed  in  d  f. 


Fig.  205. 


Fig.  206. 


The  method  of  ascertaining  the  actual  force  with  which  the  at- 
mosphere presses  by  its  weight  on  the  surface  of  the  mercury  at  e 
will  be  expl:uned  hereafter.  For  the  present  it  is  necessary  for  us  t<» 
tasume  that  this  force  is  equal  to  the  weight  of  a  column  of  mercury 
about  80  inches  in  height.  Wc  will  assume,  therefore,  that  tho 
duMtie  ffnrce  of  the  air  inclosed  between  F  and  D  is  sucVk  l^iat  \\.  ^Te^fifii^ 
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upon  the  surface  F  with  the  same  force  as  a  oolamn  of  mercorf  SO 

inches  in  height  would  press  upon  it 

Now,  if  we  pour  into  the  tube  A  £  as  much  mercnir  as  will  xiin 
the  Buiface  in  tlic  leg  A  B  30  in.  above  the  surfiioe  of  uie  merciuy  in 
the  leg  DC,  we  shall  have  an  additional  pressure  equal  to  the 
weight  of  a  column  of  30  inches  of  mercury  transmitted  from  the  leg 
A  £  to  the  surface  of  the  mercury  in  the  leg  D  F,  and  therefore  acting 
as  a  compressing  force  on  the  air  included  in  the  leg  D  F.  If  this 
be  done,  it  will  bo  found  that  the  sur&ce  of  the  mercury  in  the  1^ 
D  F  will  rise  so  as  to  force  the  air  included  in  D  F  into  half  its  originu 
volume ',  that  is  to  say,  from  F  to  F',  J^.  206,  because  the  level  of 
the  mercury  will,  when  the  additional  column  has  been  intro- 
duced into  A  £,  be  raised  to  the  point  f',  exactly  mid-way  between  o 
and  F,  and  the  air  which  originally  filled  the  space  D  F  wiU  be  now 
compressed  into  one-half  this  space ;  that  is  to  say,  into  U  F*. 

In  the  same  manner,  if  mercury  be  again  poured  into  the  tube  A I 
until  the  surface  of  the  column  in  A  £  be  60  in.  abovo  the  level  of 
the  mercuiy  in  D  F,  then  the  air  in  D  F  will  be  compressed  into  one- 
third  of  its  original  volume. 

In  the  former  caso,  when  the  column  in  A  £  was  30  in.  above  the 
column  in  D  f,  the  air  was  compressed  by  a  force  equal  to  the  weight 
of  GO  in.  of  mercury,  because,  as  has  been  already  explained,  it  was 
compressed  by  the  atmosphere,  equal  to  30  in.  of  mercury,  and  bj 
the  additional  force  of  the  column  of  30  in.  of  mercury  iotruduced 
into  the  tube.  In  the  latter  case,  the  air  is  compressed  by  a  force 
equal  to  90  in.  of  mercury,  as  it  is  compressed  first  by  the  atmo- 
sphere, equal  to  30  in.  of  mercury,  and,  secondly,  by  the  column  of 
60  in.  of  mercury  introduced  into  the  tube.  The  compressing  forces, 
therefore,  in  the  three  cases,  are  represented  respectively  by  30,  60, 
and  90  in.  of  mercury ;  and,  consequently,  the  compressing  force  in 
the  one  case  is  twofold,  and  in  the  other  case  threefold,  the  force  bj 
which  the  air  is  compressed  in  its  natural  state.  In  the  same  man- 
ner, to  whatever  extent  such  experiments  may  be  continued,  it  will  be 
found  that  the  diminution  of  volume  will  always  be  in  the  exact  pro- 
portion of  the  increase  of  the  compressing  force,  and,  in  like  manner, 
the  augmentation  of  volume  will  be  in  the  proportion  of  the  diminu- 
tion of  the  compressing  force. 

The  law  just  enunciated  was  investigated  by  Boyle,  in  1660,  and 
by  Mariotte,  in  1G68 ;  and  is  now  generally  known  as  Manotte*$  lam 
Dulong  and  Arago,  in  1830,  published  the  results  of  some  experi* 
mentj>,  made  in  Paris,  by  which  they  proved  that  the  law  holds  for  at- 
mospheric air  up  to  a  pressure  of  27  atmospheres. 

Oersted  and  Desprctz,  having  instituted  experiments  to  ascertain  if 
it  wove  applicable  to  other  gases,  found  that  those  gases  which  tre 
easily  liciuetied,  have  an  increasing  compressibility ;  that  is,  have  their 
volume  diminished  in  a  g;reaiQit  ^Toi^\i(Mi  than  the  inoreaae  of  nnwuno 
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Poaillety  in  his  '^Etteeiu  de  Physique/'  annoiiDeea  ibe  results  o^ 
some  experiments  made  by  him,  as  follows :  — 

1st.  Up  to  100  atmoephercSy  oxygen,  nitrogen,  hydrogen,  nitric, 
oxide,  and  carbonic  oxide,  follow  the  same  law  of  compression  as  at- 
mospheric air. 

2d.  Sulphnrooa  acid,  ammoniacal  gas,  carbonic  acid,  and  nitrous 
oxide,  begin  to  be  markedly  moro  compressible  than  air,  as  sonn  as 
heir  volume  is  reduced  to  a  third  or  a  fourth ;  and  it  cannot  be 
Cf>ubted  that  they  deviate  from  the  law  for  less  changes. 

3d.  Light-carburetted  hydrogen  and  olefiant  gus  are  not  liquefied 
under  the  pressure  of  100  atmospheres  at  the  temperature  of  50° ; 
ftnd  yet  they  have  a  compressibility  sensibly  greater  than  that  of  air. 

Later  and  more  elaborate  experiments  by  Kcgnault  show  that  the 
law  of  Mariotte  is  not  strictly  true  even  for  atmospheric  air;  yet, 
within  practical  limits  and  for  practical  purposes,  it  may  be  assumed 
to  be  true  for  that  fluid. 

CHAP.  in. 
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709.  Discovery  of  the  weight  of  the  atmosphere.  —  The  discovery 
of  the  weight  of  the  thin  transparent  fluid  which  surrounds  the  earth, 
which  by  respiration  supports  animal  life,  and  is  necessary  to  the  due 
exercise  of  the  animal  and  vegetable  functions,  forms  a  remarkable 
epoch  in  the  history  of  physical  science.  The  ancient  philosophers 
obeervod  that  in  the  instances  which  fell  under  their  notice  space  was 
filled  by  some  material  substance.  The  moment  a  solid  or  a  liquid 
was  by  any  means  removed,  the  surrounding  air  instantly  rushed  in 
and  filled  the  space  so  deserted.  Hence  they  adopted  the  physical 
dogma,  that  nature  abhors  a  vacuum,  —  a  figurative  proposition, 
meant  as  a  statement  that  it  was  a  law  of  nature  that  space  could  not 
exist  unoccupied  by  matter. 

If  a  tube  be  immersed  in  a  liquid,  and  the  suction  of  the  lips  be 
applied  at  the  upper  end,  the  water  which  surrounds  it  will  rise  in 
the  tube  as  the  air  is  withdrawn  by  suction.  This  was  explained  by 
ileclaring  that  nature  abhorred  a  vacuum,  and,  therefore,  the  watci 
necessarily  filled  the  space  deserted  by  the  air. 

This  alleged  antipathy  of  nature  to  a  vacuum  served  the  pfirposes 
of  Natural  Philosophy  for  2000  years. 

710.  Anecdote  of  Galileo  and  Torricelli. -^It  happened  in  the 
time  of  Galileo,  that  is,  about  the  middle  of  the  seventeenth  century, 
that  some  engineers  near  Florence,  being  employed  to  sink  a  pump 
to  an  nnnsual  depth,  found  they  could  raise  by  no  exertion  the  water 
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higher  than  34  feet  in  the  barrel.  Galileo  was  conralted,  and  it  ii 
said  that  he  answered,  half-seriouslj  and  half-sportivelj,  that  «atun'i 
abhorrence  of  a  vacuum  extended  to  the  height  of  84  feet,  but  that 
bojond  this  her  disinclination  to  an  empty  space  was  not  carried. 
The  answer,  however,  whatever  it  was,  does  not  appear  to  have  been 
Fuli.sfactorj,  and  the  question  continued  to  excite  attention.  After 
the  death  of  Galileo,  Torricelliy  his  pupil,  since  become  so  celebrated, 
directed  his  attention  to  its  solution.  He  argued,  t^t  whatever  be 
the  cause  which  sustains  a  column  of  water  in  a  pump,  the  mensure 
(>f  the  power  thus  manifested  must  be  the  weight  of  the  coloma  of 
Avatcr  sustained;  and,  consequently,  if  another  liquid  were  used, 
heavier  bulk  for  bulk  than  water,  the  same  force  would  sustun  i 
cohunn  of  that  liquid,  having  less  height  in  proportion  as  its  weight 
would  be  greater.  By  using  a  heavier  liquid,  therefore,  £uch  as  mer- 
cury, for  example,  the  column  sustained  would  be  much  shorter,  and 
the  experiment  would  be  more  manageable.  The  weight  of  mercnij 
being  bulk  for  bulk  about  lo^  times  that  of  water,  it  followed  that, 
if  the  force  imputed  to  a  vacuum  could  sustain  34  feet  of  water,  it 
would  necessarily  sustain  18  J  times  less,  or  about  30  inches  of  ma- 
cury.  Torricelli  therefore  made  the  following  exj-erimcnt,  which  htt 
eincc  become  so  memonible  in  the  history  of  physical  science. 

711.  Celebrated  experiment  of  Tbni 
ccJli.  —  lie  procured  a  glass  tube  A  B,/^. 
207.,  more  thau  30  inches  long,  open  it 
one  end  a,  and  closed  at  the  other  B. 
Filling  this  tube  with  mercury,  and  ap* 
plying  his  finger  at  the  open  end  A,  so  as 
to  prevent  its  escape,  he  inverted  it,  plaog- 
ing  the  end  A  into  mercury  contained  in  a 
cistern  CD,Jig.  208. 

On  removing  the  finger,  he  observed 
that  the  mercury  in  the  tube  fell,  but  did 
not  fall  altogether  into  the  cistern ;  it  only 
subsided  until  its  surface  £  was  at  a  height 
of  about  30  inches  above  the  sorfaoe  of 
the  mercury  in  the  cistern. 

This  result,  which  was  precisely  what 
Torricelli  had  anticipated,  clearly  demon- 
strated the  a])surdity  of  the  statement  im- 
puted to  Galileo,  that  nature's  abhorrence 
of  a  vacuum  extended  to  the  height  of 
o4  feet,  since  in  this  case  her  abhorrence 
was  limited  to  30  inches.  In  fine,  Toni- 
celll  soou  ]>erceived  tlie  true  cause  of  this  phenomenon. 

The  weight  of  the  atmoi^pherc  acting  upon  the  suz&ce  of  the  mer- 
cury  in  thv  cistern  supports  t\ie  \\c^\\\d  \\i  the  tube.     But  the  loi&oe 
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X  being  excluded  from  contact  with  the  atmosphere,  is  free  from  the 
pressure  of  its  weight;  the  column,  therefore,  of  mercury  F  being 
pressed  upwards  by  the  weight  of  the  atmosphere,  and  not  being 
pressed  downwards  by  any  other  force,  would  stand  in  equilibrium. 

7\2.  Experimental  proof  of  the  weight  of  the  atmosphere.  —  This 
explanation  was  further  confinned  by  the  fact,  that  on  admitting  the 
air  to  the  upper  end  of  the  tube  B,  by  breaking  off  the  glass  at  that 
point,  or  opening  a  stop-cock  placed  there,  the  column  of  mercury  in 
the  tube  instantly  dropped  into  the  cistern.  This  was  precisely  the 
effect  which  ought  to  ensue,  inasmuch  as  the  admission  of  the  pres- 
sure of  air  upon  the  column  £  balanced  the  pressure  on  the  surface 
in  the  cistern,  and  there  was  no  longer  any  force  to  sustain  a  column 
of  mercury  in  the  tube,  and  consequently  it  fell  into  the  cistern. 

713.  PascaVs  experimcnlum  crucis.  —  This  experiment  and  its  ex- 
planation excited,  at  the  epoch  we  refer  to,  the  greatest  sensation 
throughout  the  scientific  world,  and,  like  all  new  dLscoveries  which 
have  a  tendency  to  explode  long-established  doctrines,  was  rejected  by 
the  majority  of  scientific  men.  The  celebrated  Pascal,  who  flourished 
at  that  epoch,  however,  had  the  sagacity  to  perceive  the  force  of  Tor- 
licelli'^  reasoning,  and  proposed  to  submit  his  experiment  to  a  test 
which  must  put  an  end  to  all  further  question  about  it.  ^'  If,''  said 
Piiscal,  '*  it  be  really  the  weight  of  the  atmosphere  under  which  we 
live  that  supports  the  column  of  mercury  in  Torricclli's  tube,  we  shall 
find,  by  transporting  this  tube  upwards  in  the  atmosphere,  that  in  pro- 
portion as  it  leaves  below  it  more  and  more  of  the  air,  and  has  con- 
Beqaently  less  and  less  above  it,  there  will  be  a  less  column  sustained 
in  the  tube,  inasmuch  as  the  weight  of  the  air  above  the  tube,  which 
is  declared  by  Torricelli  to  be  the  force  which  sustains  it,  will  be  di- 
minished by  the  increased  elevation  of  the  tube." 

Pascal  therefore  caused  Torricelli's  tube  to  be  carried  to  the  top  of 
a  lofty  mountain,  called  the  Puy-de-dome,  in  Auvergne,  and  the 
height  of  the  column  to  be  correctly  noted  during  the  ascent.  It  was 
found,  in  conformity  with  the  principle  announced  by  Torricelli,  that 
the  column  gradually  diminished  in  height  as  the  elevation  to  which 
the  instrument  was  carried  increased.  The  experiment  being  repeated 
upon  a  high  tower  in  Paris  with  like  success,  there  no  longer  re- 
mained any  doubt  of  the  fact,  that  the  column  of  mercury  in  the 
tube,  as  well  as  the  column  of  water  in  common  pumps,  is  sustained, 
not  by  the  force  vulgarly  called  suction,  nor  by  nature's  abhorrence 
of  a  vacuum,  but  simply  by  the  weight  of  the  incumbent  air  acting  in 
one  case  on  the  surface  of  the  mercur}',  and  in  the  other  on  the  sur- 
face of  the  water  in  the  well,  in  which  the  pump  terminates. 

The  instrument  which  we  have  here  described  as  used  in  the  experi- 
ment of  Torricelli,  is  nothing  more  than  the  common  barometer.  By 
the  principle  explained  in  616.,  the  height  of  the  column  sustained 
by  the  atmospheric  pressure  will  be  the  same  whatever  be  the  bore  of 
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tho  tube.  If  we  suppose  the  section  of  the  bora  to  be  equal  to  om 
8(|uare  inch,  the  column  of  mercury  sustained  in  die  tube  will  be 
balanced  by  the  weight  of  a  column  of  the  atmosphere  pressing  upoD 
a  squure  inch  of  the  surface  of  the  mercury  in  the  cistern.  If  we 
suppose,  on  the  other  hand,  the  tube  to  have  a  bore  eqoal  to  half  a 
uquare  inch,  then  the  atmospheric  column  which  balances  the  mereoiy 
will  have  a  base  of  half  a  square  inch  also. 

714.  Construction  of  a  barometer,  —  In  adapting  snch  an  appa 
tus  to  indicate  minute  changes  in  the  pressure  of  the  atmoq^bere 
there  are  several  provisions  to  be  made. 

The  height  to  be  measured  being  that  of  the  sar&oe  of  the  oohmm 
in  the  tube  above  the  surface  of  the  mercorj  in  the  cii- 
tem,  it  is  not  enough  to  ascertain  the  position  of  the 
surface  in  the  tube,  unless  the  sur&ce  in  the  cistem  have 
a  fixed  level.  Now  it  is  evident,  that  whenever  the  sow 
face  in  the  tube  rises,  the  surface  in  the  cbtem  mut 
fall,  and  vice  versd,  inasmuch  as  whatever  mercury  entm 
the  tube  must  leave  the  cistem,  and  whatever  flows  firoii 
the  tube  must  return  to  the  cistem.  If  the  magnitude 
of  the  surface  in  the  cistem  be  very  considerable  com- 
pared with  the  bore  of  the  tube,  and  if  extreme  accuracy 
be  not  necessary,  the  effects  arising  from  this  cause  wiU 
will  be  too  minute  to  need  any  correction ;  but  if  that 
extreme  accuracy  is  desired,  which  is  necessary  in  baro- 
meters used  for  philosophical  experiments,  then  meau 
must  be  provided  of  keeping  the  mercury  in  the  cistem 
at  a  Oxed  level,  or  of  measuring  the  change  of  level. 

In  Jig.  209.,  the  cistern  A  B  is  represented  having  an 
index  at  p,  showing  the  point  at  which  the  level  of  the 
mercury  in  the  cistern  should  stand.     A  screw  is  repre- 
sented at  Y,  by  turning  which  the  bottom  can  be  elevated 
or  depressed,  so  that  when  the  level  in  the  cistern  &lli  it 
Fig.  209.    niay  be  raised,  or  when  it  rises  it  may  be  lowered,  and 
thus  the  level  may  always  be  adjusted  so  as  to  correspond 
with  the  point  of  the  index.     The  senile  represented  at  D  s  i^  divided 
with  reference  to  the  level  determined  by  the  point  of.the  index  P. 

715.  Methods  of  purifying  t/ie  mercury, — It  is  necessary  that 
the  mercury  should  be  perfectly  pure,  since  otherwise  a  column  of  a 
given  height  would  vary  in  its  weight,  according  to  the  quantity  aod 
quality  of  the  impurities  which  the  liquid  might  contain. 

The  solid  impurities  which  mercury  may  contain  are  usually  tB" 
moved  by  straining  it  through  chamois  leather,  the  quicksilver  pose- 
ing  freely  through  its  pores,  while  the  solid  impurities  are  retained. 

Mercury,  like  water,  commonly  contains  combined  with  it  more  or 
less  air  or  other  elastic  fluids.  If  such  mercury  were  used  for  the 
huromeieT  tubO;  this  flxed  ait,  viheii  lellevod  from  the  preasava  of  the 
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atmoBphere,  as  it  would  neoessarily  be  in  the  tabe,  would  become  dis- 
engaged, and  would  rise  to  the  upper  part  of  the  tube  D  c,  and  there 
exert  a  pressure  which  would  counteract,  to  a  greater  or  less  extent, 
the  pressure  of  the  atmosphere. 

Independently  of  the  impurities,  whether  of  an  ssriform  or  a  liquid 
species,  which  may  bo  combined  with  the  mercury,  the  tube  itself, 
before  it  is  filled,  is  liable  to  be  coated  with  like  impurities.  Thus 
particles  of  air  and  of  moisture  will  always  adhere  to  the  inner  sur- 
face of  it;  and  even  though  the  mercury  were  pure,  this  air  and  film- 
of  moisture  would  have  a  tendency,  when  relieved  from  the  pressure 
of  the  atmosphere,  to  rise  and  vitiate  the  vacuum  at  the  top  of  the 
barometric  column. 

These  effects  are  avoided  by  the  following  expedients.  The  mer- 
cury before  it  is  poured  into  the  tube,  is  boiled,  in  which  process  all 
the  air  it  contains  is  expelled  by  its  increased  elasticity,  and  all  the 
liquid  impurities  by  evaporation.  The  tube  itself  is  heated  over  a 
spirit-lamp,  so  that  all  the  moisture  as  well  as  the  particles  of  air  ad* 
hering  to  its  surface  are  expelled ;  in  fine,  when  the  tube  has  been 
filled  with  mercury,  the  mercury  is  boiled  in  it. 

716.  Method  cf  indicating  the  exact  height  of  the  column^  and  of 
allowing  for  effects  of  temperature.  —  But  supposing  the  mercury  to 
be  perfectly  pure,  and  all  the  provisions  made  which  are  necessary  to 
indicate  the  exact  height  of  the  column  sustained,  two  barometers, 
equally  well  constructed,  would  still  differ  in  their  indications,  if  they 
are  exposed  to  different  temperatures.  It  will  be  shown  hereafter 
that  mercury,  like  all  other  fluids,  is  subject  to  a  change  of  density  or 
specific  gravity  with  every  change  of  temperature.  If,  therefore,  two 
barometers,  equally  well  constructed,  bo  used  in  different  and  distant 
places,  where  they  are  exposed  to  different  temperatures,  the  same 
pressure  of  the  atmosphere  will  sustain  columns  of  different  heights; 
that  which  is  exposed  to  the  higher  temperature  being  more  elevated 
than  that  which  is  exposed  to  the  lower.  In  comparing,  therefore, 
the  indications  of  barometers  in  different  places,  it  is  necessary  to  ob- 
serve the  temperature ;  and  tables  and  formula)  are  supplied  in  phy- 
sical science,  by  which  the  effects  of  different  temperatures  can  be 
sscertained,  and  the  necessary  corrections  applied. 

The  changes  incidental  to  the  atmospheric  pressure,  the  indication 
of  which  is  the  chief  use  of  the  barometer,  are  so  limited  and  minute, 
that,  owing  to  the  great  specific  gravity  of  mercury,  they  produce 
extremely  minute  chaDgcs  in  the  barometric  column,  which  are  there- 
fore difiicult  to  be  observed. 

717.  Water  barometer.  —  More  sensible  indications  would  be  ob- 
tained by  adopting  a  barometer  of  a  lighter  fluid  than  mercury 
Thus,  water  is  13^  times  lighter  than  mercury,  and,  consequently,  a 
water  barometer  would  exhibit  a  column  13^  times  greater  than  that 
of  mercury. 
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Such  a  column  would,  therefore,  measure  abomt  84  feet^  am  a 
change  which  would  produce  a  variation  of  aboat  the  tenth  of  an  inch 
in  the  column  uf  mercury,  would  produce  a  variatioa  of  an  inch  and 
a  third  in  the  column  of  water. 

But  to  the  use  of  water,  or  any  other  liquid  save  nmeoiy,  for 
barometric  purposes,  there  are  numerous  and  insuperable  pricdcal 
objections.  Independently  of  the  unwieldy  height  of  the  column, 
which  would  render  it  impossible  to  transport  the  barometer  from 
place  to  place,  all  the  lighter  liquids  would  prodooe  vapour  in  the 
upper  part  of  the  tube,  which  would  vitiate  the  vacaum,  would  react 
against  the  barometric  column,  and  disturb  its  indications.  The  eon- 
sequence  of  this  has  been,  that  mercury  has  been  invariably  retained 
as  the  only  practicable  fluid  for  barometers. 

Several  expedients,  however,  have  been  adopted  in  barometen  used 
for  common  domestic  purposes  to  render  their  indications  more  sen- 
sible. Although  these  are  inapplicable  in  barometers  usod  for  sdentifio 
purposes,  yet,  as  they  are  frequently  adopted  in  domestic  barometen^ 
it  may  be  useful  here  to  notice  them. 

718.  Diagonal  and  wheel  barometers. — A  form  of  barometer, 
called  the  diagonal  barometer,  is  represented  in^.  210.     In  this  the 

upper  end  of  the  tube  is  bent, 
so  that  the  scale,  instead  of 
being  limited  to  the  length  c  D, 
is  extended  over  the  greater 
length  c  B. 

A  form  of  barometer,  called 
the  wheel  barometer,  is  repre- 
sented infg.  211.  In  this,  the 
tube,  instead  of  having  a  cit- 
tern, is  continued  of  the  same 
diameter,  having  its  lower  end 
bent  upwards  at  B  c.  A  float 
is  placed  upon  the  mercury  at 
F,  which  rises  and  falls  with  it 
The  change  of  altitude  of  the 
level  F  corresponds  with  that 
of  £,  and  the  difference  between 
the  two  levels  E  and  F  is  the 
height  of  the  barometric  co- 
lumn. The  changes  of  this 
height  are  always  double  the 
chaugc  of  level  of  the  surface 
£  F.  The  float  F  is  connected  by  a  string  with  a  wheel  H,  which  car- 
ries an  index  that  pla3*s  upon  a  graduated  dial-plate,  o.  In  this 
manner  the  magnitude  of  the  graduated  scale  may  be  made  to  bear 
uny  proportion,  however  great,  lo  \\ve  cVvaxi^  of  level  of  the  meronrj 
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at  B,  80  that  the  smaUest  change  of  the  barometric  column  will  pro- 
duce a  considerable  motion  of  we  index. 

719.  State  of  the  upper  regions  of  the  atmosphere. — The  gravity 
of  tar,  combined  with  its  elasticity  and  compressibility,  supplies  the 
means  of  determining,  by  reasoning  alone,  the  constitution  of  the 
superior  strata  of  the  atmosphere,  which  are  inaccessible  to  direct 
experiment 

If  we  suppose  the  atmosphere,  which  extends  from  the  surface  of 
the  earth  upwards  to  a  height  more  or  loss  considerable,  to  consist  of 
A  series  of  layers  or  strata,  placed  one  above  the  other,  it  is  evident 
that  each  successive  stratum,  in  ascending,  will  sustain  a  weight  less 
than  those  below  it  The  first  stratum  of  atmosphere,  which  is  in 
immediate  contact  with  the  surface  of  the  earth  is  compressed  by  the 
entire  weight  of  the  atmosphere  above  it,  that  is  to  say,  by  the  weight 
nf  the  whole  atmosphere,  except  the  first  stratum ;  the  next  stratum 
IB  compressed  by  the  weight  of  the  whole  atmosphere,  except  that  of 
the  first  two  strata;  the  third  stratum  is  comi>ressed  by  the  weight 
of  the  whole  atmosphere,  except  the  first  three  strata;  and  so  on 
Now,  it  has  been  already  shown  that  the  density  of  air  is  always  pro- 
portional to  the  force  which  compresses  it ;  and  it  follows,  therefore, 
that  the  density  of  the  first,  or  lowest  stratum,  is  greater  than  the 
density  of  the  second,  and  the  deni^ity  of  the  second  greater  than  the 
density  of  the  third,  and  so  on,  the  air  becoming  gradually  less  dense 
as  it  ascends  to  a  ffrcaier  height. 

720.  Height  ojatmosplierc  limited, — It  may  be  asked^  under  such 
circumstances,  whether  the  atmosphere  must  not  extend  to  an  un- 
limited height,  because,  if  its  rarefaction  augments  in  proportion  as 
the  compressi(m  diminishes,  there  can  be  no  limit  to  such  rarefaction. 

But  it  must  be  remembered  that  the  constituent  particles  or  ulti- 
mate molecules  of  the  air  itself  have  definite  weight,  and  that,  so 
80on  as  the  rarefaction  becomes  so  great  that  the  elastic  force  proceed- 
ing from  the  mutual  repulsion  of  the  particles  of  air  is  equal  to  the 
weight  of  these  particles,  no  further  rarefaction  can  take  place.  We 
may  therefore  conceive  the  particles  of  air  at  the  upper  surface  of  the 
atmosphere  resting  in  equilibrium,  under  the  influence  of  two  oppo- 
site forces,  via.,  tlieir  own  weight  tending  to  carry  them  downwards, 
and  the  mutual  repulsion  of  the  particles  which  constitutes  the  elas- 
ticity of  the  air  tending  to  drive  them  upwards. 

If  a  particle  of  air  were  raised  above  this  height  by  the  application 
of  any  external  agency,  and  then  disengaged,  it  would  drop  by  its 
gravity  to  the  surface  of  the  atmosphere,  in  the  same  manner  and  by 
the  same  law  which  makes  a  stone  drop  to  the  ground.  The  limit, 
therefore,  of  the  altitude  of  the  atmosphere  is  that  point  where  the 
rarefaction  will  diminish  the  chistic  furcc  of  the  air,  so  as  to  renaer 
it  equal  to  the  proper  gravity  of  its  constituent  particles. 

721.  Average  pressure  of  atmosphere,  —  We  have  seen  that  the 
30*  853 


72  MECHANICAL  PROPERTIES  OF  AIR. 

height  of  tho  column  of  mercury  which  balances  the  atmofipherio 
pressure  ut  the  surface  of  the  earth  is  about  30  inches.  Now  two 
cubic  inches  of  mercury  weigh  in  round  numbers  a  pound  avoirdupois; 
consequently  it  follows,  that  a  column  of  mercury,  whose  base  is  a 
square  inch  and  whose  height  is  30  inches,  will  weigh  15  lbs. 

})ut  since  such  a  column  measures  the  pressure  of  the  atmosphere, 
it  follows  that  the  atmo£«phcrc  presses  with  a  force  of  15  lbs.  for  every 
square  inch  of  surface  upon  which  it  rests. 

But  the  air  possesses,  in  common  with  all  other  fluids,  the  feicultj 
of  transmitting  pressure  equally  in  every  direction ;  consequently  it 
follows,  that  every  object  exposed  to  the  atmasphere  is  pressed  upon 
every  part  of  its  surface  with  a  force  amounting  to  15  lbs.  per  square 
inch. 

The  surface  of  a  human  body  of  average  size  measures  about  20O0 
square  inches.  Such  a  body,  therefore,  sustains  a  pressure  from  the 
atmosphere  amounting  to  30,000  lbs.,  or  very  nearly  15  tons., 

722.  Method  of  measuring  heights  hy  baromcUr.  —  It  has  been 
shown  that  when  a  barometer  is  carried  upwards  in  the  atmosphere, 
the  column  of  mercury  in  the  tube  falls,  because  the  force  which  sus- 
tains it  is  diminished  by  an  amount  equal  to  the  weight  of  the  column 
which  it  leaves  below  it.  By  comparing,  therefore,  the  height  of  the 
column  in  the  barometer  at  any  two  stations,  one  of  which  is  above 
the  other,  we  can  ascertain  directly  the  weight  of  a  column  of  atmo- 
sphere extending  from  the  lower  to  the  higher  station.  Thus,  for 
example,  if  the  column  of  mercury  in  the  barometer  at  the  lower 
station  be  30  inches,  and  at  the  higher  station  20  inches,  it  follows 
that  a  column  of  air  whose  base  is  at  the  lower  station,  and  whose 
summit  is  at  the  higher  station,  will  have  a  weight  equal  to  that  of  a 
column  of  mercury  10  inches  high,  afid  therefore  that  the  quantity 
of  air  composing  such  a  column  will  be  one-third  of  the  quantity 
composing  a  column  extending  from  the  lower  station  to  the  summit 
of  the  atmosphere. 

If  the  atmosphere  were  uniformly  dense,  the  barometer  would  sup- 
ply a  most  easy  and  simple  means  of  determining  its  actual  height. 

In  the  example  just  given,  the  column  of  air  between  the  two  sta- 
tions would  weigh  one-third  of  the  weight  of  a  column  extending 
from  the  lower  station  to  the  summit  of  the  atmosphere;  and,  if  the 
air  were  uniformly  dense,  it  would  follow,  therefore,  that  the  entire 
height  of  the  atmosphere  would  be  just  throe  times  the  height  of  the 
u\i[)cT  above  the  lower  station.  J^ut,  owing  to  the  circumst;incc3 
already  explained,  which  ]»roduce  a  gradual  rarefaction  of  the  air  ad 
the  height  increases,  it  follows  that  the  heights  of  columns  of  air  are 
not  pro2>ortional  to  their  weights. 

If  the  only  cause  which  produces  a  gradual  rarefaction  of  the  uir 
as  we  ascend  in  the  atmosphere  were  that  which  has  been  just  st  iU^J, 
namely,  the  weight  of  the  incumbent  air,  it  would  not  be  difficult  to 
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flnd  a  rale  by  which  a  change  of  altitude  might  be  inferred  from  ob« 
serving  the  change  of  pressure  indicated  by  a  barometer.  Such  a  rule 
has  been  determinedy  and  is  capable  of  being  expressed  in  the  Ian- 
f;aage  of  mathematics^  although  it  be  not  of  a  nature  to  be  rendered 
intelligible  in  an  elementary  and  popular  treatise. 

723.  Density  of  air  affected  by  its  temperature,  — But  there  are 
other  causes  affecting  the  relation  of  the  change  of  pressure  to  the 
change  of  altitude.  The  density  of  any  stratum  of  air  is  not  alone 
aflkcted  by  the  incumbent  pressure  of  the  superior  strata,  but  also  by 
its  own  temperature.  If  any  cause  increase  this  temperature,  the 
stratum  will  become  more  rarefied)  and  with  a  less  density  will  sup- 
port the  same  incumbent  pressure ;  and  if,  on  the  contrary,  any  cause 
produce  a  fall  of  temperature,  it  will  require  a  greater  density  with 
the  same  pressure.  In  the  one  case,  therefore,  a  change  of  elevation 
which  would  be  necessary  to  produce  a  given  change  in  the  height  of 
the  barometer  would  be  greater  than  that  computed  on  theoretical 
principles ;  and  in  the  other  case  it  would  bo  loss.  The  temperature 
therefore  forms  an  essential  condition  in  the  calculation  of  heights  by 
the  barometer. 

Formulsd  have  been  contrived,  partly  by  theoretical  principles, 
and  partly  from  observation,  by  which  the  difference  of  height  of  two 
stations  may  be  deduced  from  observations  simultaneously  made  at 
them  on  the  barometer  and  the  thermometer.  To  apply  such  a  rule 
it  is  necessary  to  know,  first,  the  latitude  of  the  phioe  of  observation ; 
secondly,  the  heights  of  the  barometer  and  thermometer  at  each  of 
the  two  stations,  besides  some  other  physical  data,  to  comprehend 
which  it  would  be  necessary  to  have  reference  to  some  principles 
drawn  from  the  physics  of  heat  and  from  physical  astronomy,  which 
cannot  be  introduc^  here.  Such  a  formula,  therefore,  cannot  be 
nsefully  given  here. 

724.  Fall  of  barometer  in  the  balloon  ascent  of  De  Luc.  —  The 
barometer  in  the  balloon  in  which  the  celebrated  De  Luc  made  his 
scientific  voyage,  fell  at  the  greatest  altitude  to  12  inches.  Suppos- 
ing the  barometer  at  the  surface  to  have  stood  at  that  time  at  30 
inches,  it  follows  from  this,  that  he  must  have  left)  below  him  in 
quantity  exactly  three-fifths  of  the  entire  atmosphere,  since  12  inches 
would  be  only  two-fifths  of  the  complete  column  sustained  in  the 
barometric  tube.  His  elevation  at  this  moment  was  estimated  to 
have  been  20,000  feet;  but  it  is  certain  that  he  had  not  attained  a 
point  amounting  to  more  than  a  small  fraction  of  the  entire  altitude 
of  the  atmosphere. 

Since  the  density  of  air  is  proportional  to  its  pressure,  other  thines 
being  the  same,  it  would  follow  that  the  density  of  the  air  in  which 
the  balloon  floated  on  this  occasion  was  only  four- tenths  of  the  density 
at  the  surface. 

Now  when  the  barometer  is  at  30  inches,  nir  is  lOySOO  times  lightoi 
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than  mercury;  and,  oonseqnentlj,  the  air  Bontranding  Be  Lue'f 
balloon  must  have  been  27,000  times  lighter,  bulk  for  bulk|  than 
mercury.  The  height,  therefore,  of  air  above  the  balloon,  BUpponng 
its  density  to  be  undiminished  in  rising,  would  have  been  27,000 
feet,  and  in  this  case  the  entire  height  of  the  atmosphere  wonld  be 
nearly  50,000  feet.  But  here  it  is  to  be  considered,  as  in  the  former 
case,  that  in  risiog  above  the  level  of  the  balloon,  the  air  would  con- 
stantly diminish  in  density ;  and  consequently  a  column  supporting 
12  inches  of  mercury  would  have  a  much  greater  elevation  than 
27,000  feet 

725.  Extreme  variations  incidental  to  the  barometer.  —  The  j^y- 
sical  effect  of  which  the  barometric  column  is  the  measure,  is  tha 
weight  of  the  atmosphere  at  the  place  where  this  barometric  column 
is  situated ;  and  consequently,  the  variations,  whatever  they  may  be, 
which  are  incidental  to  the  column,  indicate  corresponding  variationi 
in  the  weight  of  the  atmosphere.  Now  it  has  been  found  that  the 
barometric  column  is  subject  to  two  species  of  variation  :  one  of  as 
extremely  minute  amount,  and  which  takes  place  at  regular  periods; 
the  other  of  much  greater  amount,  and  which  may  be  considered  ai 
comparatively  contingent  and  accidental.  The  extreme  limit  of  thiB 
latter  variation  is,  however,  not  great.  The  greatest  height,  for  ex- 
ample, which  the  barometer  kept  at  the  Paris  Observatory  has  been 
known  to  attain  is  30*7  inches,  and  the  lowest  28*2  inches,  the  differ- 
ence being  2*5  inches,  or  y^th  of  the  average  height  of  the  column. 

The  mean  height  of  the  barometer  at  Paris,  obtained  from  ob- 
servations continued  for  several  years,  has  been  found  to  be  29*77 
inches. 

72G.  Diurnal  variation,  —  The  periodical  variations  of  the  barom- 
etric column  arc  extremely  complicated,  though  very  minute.  In 
winter,  it  is  found  that  the  column  attains  a  maximum  height  at  nine 
in  the  morning;  it  falls  from  this  hour  until  three  in  the  afternoon; 
it  then  ))cgins  to  rise,  and  attains  another  maximum  at  nine  in  the 
evening.  In  summer,  the  hour  of  the  iirst  maximum  is  eight  in  the 
morning,  and  that  of  the  minimum  four  in  the  afternoon ;  that  of  tbe 
second  maximum  being  eleven  at  night.  In  spring  and  autumn,  this 
maximum  and  minimum  take  place  at  intermediate  hours. 

727.  Supposed  connection  between  barometric  changes  and  tke 
weather.  —  The  accidental  variations  of  the  barometer,  or,  to  speak 
more  properly,  those  which  are  not  periodic,  and  which  are  much 
greater  in  magnitude,  have  been  generally  supposed  to  be  prognostics 
of  change  in  the  weather,  and  hence  the  barometer  is  sometimes  called 
L  weather-glass.  Rules  have  been  attempted  to  be  established  by 
which  from  the  absolute  height  of  the  mercurial  column  the  coming 
state  of  the  weather  may  be  predicted ;  and  we  accordingly  find  the 
words  Rain,  Fair,  Changeable,  Frost,  &c.,  engraved  upon  the  scale 
attached  to  common  domestic  barometers,  as  if,  when  the  meronij 
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1  at  the  heights  marked  respectiTely  by  these  words,  the  weather 
Sfl  always  sabject  to  the  vicissitudes  expressed  bj  them. 

It  requires  bat  little  reflection  on  what  has  been  stated  to  show  tho 
fillacj  of  snoh  indications.     The  absolute  height  of  the  mercurial 
<9olumn  varies  with  the  position  of  the  instrument.     A  barometer  in 
fleet  Street,  London,  wUl  be  higher  at  the  same  moment  than  ono 
on  the  top  of  St  Paul's,  and  oonseqnentlj  two  such  barometers  would 
indicate  different  coming  changes  of  ^e  weather,  thoueh  absolutely 
Btoate  in  the  same  place.    Two  barometers,  one  of  which  is  placed  at 
the  level  of  the  Thunes,  and  the  other  at  the  top  of  llampstead  Hill, 
irill  differ  by  half  an  inch,  and,  consequently,  would  indicate,  accord- 
ing to  the  usual  scales,  different  coming  changes. 

728.  Fallacy  of  the  popular  rules,  —  It  is  evident,  therefore,  that 
the  absolute  height  of  the  barometer  cannot  in  itself  be  an  indication 
of  anything  but  tho  weight  of  the  atmosphere  in  the  place  where  the 
instrument  stands,  and  the  words  engraved  on  barometric  plates, 
which  have  been  just  referred  to,  are  altogether  unworthy  of  serious 
attention. 

It  is  found  that  the  changes  of  weather  are  indicated  not  by  the 
sctoal  height  of  tho  mercury,  but  by  its  change  of  height.  One  of  the 
most  general,  though  not  invariable  rules,  is,  that  when  the  mercury 
is  very  low,  and  therefore  the  atmosphere  very  light,  high  winds  and 
storms  are  likely  to  prevail. 

729.  Rules  by  which  coming  changes  may  be  prognosticated, — 
The  following  rules  may  to  some  extent  be  relied  upon,  but  even 
these  are  subject  to  much  uncertainty. 

1.  Generally  the  rising  of  the  mercury  indicates  the  approach  of 
fidr  weather,  the  falling  of  it  shows  the  approach  of  foul  weather. 

2.  In  sultry  weather,  the  fall  of  the  mercury  indicates  coming 
thunder.  In  winter  the  rise  of  the  mercury  indicates  frost  In  frost, 
its  fidl  indicates  thaw,  and  its  rise  indicates  snow. 

8.  Whatever  change  of  weather  suddenly  follows  a  change  in  the 
barometer,  may  ^  expected  to  last  but  a  short  time.  Thus,  if  fair 
weather  follow  immediately  the  rise  of  the  mercury,  there  will  be 
very  little  of  it ;  and,  in  the  same  way,  if  foul  weather  follow  the  full 
of  the  mercury,  it  will  last  but  a  short  time. 

4.  If  &ir  weather  continue  for  several  days,  during  which  the  mer- 
cury continually  &lls,  a  long  succession  of  foul  weather  will  probably 
ensue ;  and  again,  if  foul  weather  continue  for  several  days  while  the 
mercury  continually  rises,  a  long  succession  of  fair  weather  will  pro- 
bd>ly  succeed. 

5.  A  fluctuating  and  unsettled  state  in  the  mercurial  column 
indicates  changeable  weather. 

The  domestic  barometer  would  become  a  much  more  useful  in- 
stniment,  if,  instead  of  the  words  usually  engraved  on  the  plate,  a 
short  list  of  the  best  established  rules,  such  as  the  preceding,  aocom- 
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panied  it,  which  might  be  either  engnyed  on  the  plate  or  prinldl 

on  a  card. 

It  would  bo  right,  however,  to  express  the  rales  only  with  thit 
degree  of  probability  which  observation  of  past  phenomena  has  jut- 
ified.  There  is  no  rule  respecting  these  efifects  which  will  hold  good 
with  perfect  certaintj  in  every  case. 

730.  Calculation  of  the  height  of  the  atmosphere  if  it  wen  of 
uniform  density ^  and  the  limit  of  its  variation  of  height, — The. 
weight  of  mercury  is  13}  times  greater  than  that  of  water,  and  the 
weight  of  water  is  about  800  times  that  of  air,  at  the  mean  density 
of  the  latter ;  consequently,  the  weight  of  mercury  is,  bnlk  for  bulk, 
10,800  times  greater  than  the  weight  of  air;  therefore  a  oolnmn  of 
air  of  uniform  density,  equal  in  weight  to  the  barometric  colamn, 
would  be  10,800  times  higher.  Now,  taking  the  average  hdght  of 
the  barometric  column  at  2  J  feet,  a  colunm  of  air  of  eqnal  weighty 
and  having  a  uniform  density  equal  to  that  of  air  at  the  snrfiue  of  thi 
earth,  would  give  a  height  of  27,000  feet ;  and,  since  the  baromefcris 
column  is  subject  to  irregular  variations,  which  .range  within  a  twelftk 
of  its  entire  height,  the  corresponding  column  of  air  would  be  subject 
to  like  variations,  ranging  within  a  like  proportion  of  its  entire  height, 
which  according  to  this  calculation  would  amount  to  2250  feet  I^ 
therefore,  the  atmosphere  were,  like  the  ocean,  of  uniform  densitj, 
the  height  of  the  waves,  which  would  be  incidental  to  its  sorfim 
agitated  by  the  disturbances  to  which  it  is  exposed,  would  bo  nearly 
half  a  mile. 

731.  Enormous  height  of  atmospheric  waves.  —  But  as  the  tt- 
mosphere  is  not  of  uniform  density,  but  diminishes  in  dennty  in  a 
rapid  proportion,  as  the  height  increases,  its  altitude  is  much  greater 
than  27,000  feet;  and  the  change  incidental  to  its  superficial  level 
indicated  by  the  variations  of  the  barometer  must  therefore  be  propor- 
tionally greater.  The  waves  of  the  sea,  therefore,  even  in  the  most 
violent  storms,  are  absolutely  insignificant  compared  with'  the  waves 
whi(th  prevnil  in  the  upper  surface  of  the  ocean  of  s^mosphere  under 
which  we  live. 

73'2.   fVhy  the  atmospheric  pressure  does  not  crush  bodies  exposed 

to  it.  —  It  might  be  expected  that  the  great  pressure  to  which  all 

bodies  surrounded  by  the  atmosphere  arc  exposed  would  produce  coa- 

spieuous  efFcets,  in  crushing,  compressing,  or  bursting  them ;  whereas 

it  is  found  that  even  the  most  delicate  textiires  are  not  affected  by  it 

A  bag  made  of  the  lightest  and  finest  tissue  partially  filled  with  air, 

is  practically  subject  to  no  external  pressure ;  its  sides,  though  loaded 

with  an  enormous  pressure,  do  not  collapse.     This  is  explained  partly 

bv  the  equality  of  the  pressure  which  is  directed  upon  it  on  all  sides, 

partly  by  the  resistance  produced  from  within,  by  the  elasticity  of 

>ir  contained  in  it. 

e  same  circumstancoa  exp\a\Ti  the  {ieuct  that  •"iwlf  are 
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oted  in  their  movements,  nor  crashed  by  the  enormous  pressare 
oh  their  bodies  are  subjected.  The  atmosphere  pressing  them 
J  in  every  possible  direction,  laterally  and  obliquely,  upwards 
)wn wards,  has  no  tendency  to  impel  them  in  any  one  direction, 
than  another,  and  consequently  offers  no  other  resistance  to 
notion  than  is  produced  by  the  inertia  of  the  atmosphere  itself, 
itemal  pores  of  their  bodies  being  filled  with  fluids,  both  liquid 
iseous,  producing  a  pressure  outwards  exactly  equal  to  the  ex- 
pressure  of  the  air  inwards^  an  equilibrium  results,  and  no  part 
>  body  is  crushed. 

9  effect  of  the  internal  fluids  in  resisting  the  external  pressure 
)  atmosphere  may  be  rendered  manifest  by  applying  an  exhaust- 
Tinge  or  a  cupping-glass  to  any  part  of  ^e  skin.  Such  an  in- 
ent  has  no  other  effect  than  that  of  removing  the  atmospheric 
XTQ  fzom  that  part  of  the  surface  to  which  it  is  applied;  but 
it  does  this,  immediately  the  skin  is  distended  and  sucked,  as  it 
into  the  glass,  in  consequence  of  the  elasticity  of  the  fluids  con- 
I  in  the  organs. 

>.  Suction  the  effect  of  atmospheric  pressure.  —  The  various 
^mena,  which  are  vulgarly  called  suction,  are  merely  the  effects 
nospheric  pressure.  If  a  piece  of  moist  leather  be  placed  in 
contact  with  any  heavy  body  having  a  smooth  surface,  such  as  a 
or  a  piece  of  metal,  it  will  adhere  to  it ;  and  if  a  cord  be  at* 
1  to  the  leather,  the  stone  or  metal  may  be  raised  by  it. 
is  effect  arises  from  the  exclusion  of  the  air  between  the  leather 
be  stone.  The  weight  of  the  atmosphere  presses  their  surfaces 
ler  with  a  force  amounting  to  15  lbs.  on  a  square  inch  of  the 
»  of  contact 

i.  Flies  walking  on  ceiling.  —  The  power  of  flies,  and  other 
a,  to  walk  on  ceilings,  smooth  pieces  of  wood,  and  other  similar 
ses,  in  doing  which  the  mvity  of  their  bodies  appears  to  have 
feet,  is  explained  upon  the  same  principle.  Their  feet  are  pro- 
with  an  apparatus  similar  exacUy  to  the  leather  applied  to  the 

5.  Respiration.  —  The  pressure  and  elasticity  of  the  air  are  both 
I  into  effect  in  the  act  of  respiration.  When  we  inspire  the  at- 
here,  we  make  by  a  muscular  exertion  an  enlarged  space  within 
best  The  atmospheric  pressure  forces  the  external  air  into  this 
.  By  another  and  contiury  muscular  exertion,  the  chest  is  then 
acted,  so  as  to  squeeze  out  the  air  which  has  been  inhaled,  and 
ii  by  compression,  acquires  an  elasticity  sreater  than  the  atmos- 
c  pressure,  in  virtue  of  which  it  is  forced  out  at  the  mouth  and 
lis. 

6.  Action  of  bellows.  —  The  action  of  a  common  bellows  is  pre- 
r  similar,  except  that  the  aperture  through  which  the  air  enters 
Cerent  from  that  by  which  it  is  expelled.     The  analoffy,  now* 


78  MECHANICAL  PROPB&TXEd  Or  AK. 

ever,  would  be  complete  if  we  innpired  by  the  moath  and  expelled  hj 
the  nose.  When  the  boards  of  the  bellows  are  separated,  the  inner 
chamber  is  enlarged,  and  the  air  is  forced  in  bj  the  external  presmre 
through  the  aperture  governed  by  the  leather  yalve  or  dack.  The 
boards  being  then  pressed  together^  and  the  escape  of  the  air  being 
stopped  by  the  closed  valve,  it  is  compressed  nntil  it  aoquires  an  eht- 
ticity  greater  than  the  atmospheric  pressure,  and  is  forced  out 

Bellows  on  a  large  scale  are  constructed  with  an  intermediate  boud, 
so  as  to  consist  of  two  chambers,  and  to  produce  a  oontinned  instead 
of  an  intermittent  blast.  This  is  nothing  more  than  a  doable  bellovs, 
one  forcing  air  into  the  chamber  of  the  other,  and  the  second  bong 
urged  by  an  uninterrupted  pressure  produced  usually  by  a  weight 
suspended  from  the  upper  board. 

737.  Vent-peg  —  lid  of  tea-pot.  —  The  effect  produced  by  a  vent- 
peg  in  a  cask  of  lifjuid  is  explained  by  the  atmoapherio  pressure. 
The  cask  being  air-tight,  so  long  as  the  vent-peg  is  maintiuncd  in  iti 
position,  the  surface  of  the  liquid  in  the  vessel  will  be  excluded  from 
the  atmospheric  pressure,  and  it  can  only  flow  from  the  cock  in  vir- 
tue of  its  own  weight.  If  the  weight  of  the  atmosphere  be  greater 
than  the  weight  of  a  column  of  the  liquid,  corresponding  with  the  depth 
of  the  liquid  in  the  vessel,  the  liquid  cannot  flow  from  the  cask ;  fcnl 
the  moment  the  vent-peg  is  removed,  the  atmospheric  pressure  being 
admitted  above  the  level  of  the  liquid  in  the  cask,  the  liquid  fioiB 
from  the  cock  in  virtue  of  its  own  weight. 

If  the  lid  of  a  teapot  or  kettle  were  perfectly  close,  the  liquid 
would  not  flow  from  the  pipe,  because  the  atmospheric  pressure  woold 
be  excluded  from  the  inner  surface.  A  small  hole  is  therefore  usnilly 
made  in  the  lid  to  admit  the  air  and  allow  the  liquid  to  flow  freely. 

738.  Pneumatic  ink-bottle.  —  Ink-bottles  are  sometimes  so  con- 
structed as  to  prevent  the  inconvenience  of  the  ink  thickening  and 

drying.  Such  a  bottle  is  represented  in  fg. 
212. :  A  B  is  a  close  glass  vessel,  from  the  b^ 
tom  of  which  a  short  tube  BO  proceeds,  the 
depth  of  which  is  sufficient  for  the  immeraion 
of  a  pen.  When  ink  is  poured  in  at  c,  the 
bottle  being  placed  in  an  inclined  position,  is 
gradually  filled  up  to  the  nob  A.  If  the  botde 
be  now  placed  in  the  position  represented  in  the 
Fig.  212.  figure,  the  chamber  A  B  being  filled  with  the 

liquid,  the  air  will  be  excluded  from  it,  and  the 
(pressure  tending  to  force  the  iuk  upwards  in  the  short  tube  c,  will  be 
equal  to  the  weight  of  the  column  of  ink,  the  height  of  which  is  equal 
to  the  depth  of  the  ink  in  the  bottle  A  B,  and  the  bore  of  which  is 
equal  to  the  section  of  the  tube  c.  Tlic  ink  will  be  prevented  from 
rising  in  the  tube  c  by  the  atmospheric  pressure,  which  is  much 
gretiter  than  the  pressure  ot  1\\q  cc>\\i\f\i\  of  li(\uid  in  the  bottle.    As 
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the  ink  in  the  short  tohe  o  is  consumed  by  use,  its  sarfiioe  will  gradu- 
ftlly  fidl  to  a  level  with  the  horizontal  tube  B,  a  small  bubble  of  air 
will  then  insinuate  itself  through  B,  and  will  rise  to  the  top  of  the 
bottle  A  B,  where  it  will  exert  an  elastic  pressure^  which  will  cause 
the  surface  of  the  ink  in  o  to  rise  a  little  higher;  and  this  effect  will 
be  continually  repeated,  until  all  the  ink  in  the  bottle  has  been  used. 

Birdcage  fountains  are  constructed  on  the  same  principle. 

The  peculiar  gurgling  noise  produced  in  decanting  wine  arise, 
from  the  pressure  of  the  atmosphere  forcing  air  into  the  interior  of  * 
the  bottle  to  replace  the  liquid  which  escapes. 
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The  effects,  infinitely  various,  produced  by  the  atmosphere  on 
bodies,  whether  organized  or  unorganized ,  cannot  be  made  fully  mani- 
fest without  being  enabled  to  exhibit  the  same  objects  under  other 
atmospheric  conditions,  such  as  when  exposed  to  an  atmosphere  much 
more  rare  and  much  more  condensed.  Instruments  for  experimental 
investigation  have  been  accordingly  contrived,  by  which  the  air  sur- 
rounding objects  of  experimental  inquiries  can  be  either  rarefied  or 
condensed  to  any  desired  extent  within  practical 
limits.  We  shall  in  the  present  chapter  explain 
the  principal  instruments  by  which  these  pro- 
cesses are  exhibited,  and  give  some  examples  of 
their  use. 

739.  The  exhausting  syringe,  —  Let  a  b,^. 
213.,  represent  a  cylinder  having  a  solid  piston 
p,  moving  air-tight  in  it.  Let  o  be  a  tube  pro- 
ceeding from  its  lower  end,  furnished  with  a  stop- 
cock 0,  and  let  B  be  another  tube  furnished  wiUi 
a  stop-cock  D.  Let  the  tube  c  be  screwed  upon 
any  vessel  such  as  R,  from  which  it  is  desired  to 
extract  the  air. 

If  the  piston  be  now  raised  in  the  cylinder,  the 
cock  D  being  closed  and  the  cock  c  being  open, 
the  air  in  R  will  necessarily  expand,  in  virtue  of 
its  elasticity,  so  as  to  fill  the  enlarged  space 
provided  by  raiijing  the  piston.  The  air  which 
previously  filled  the  vessel  R  and  the  connectiog 
tube  will,  in  fact,  now  fill  these,  and  also  the  en- 
larged space  in  the  cylinder.     When  the  piston 
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18  brought  to  the  top  of  the  cyliDder,  let  the  eock  c  be  closed  and  tin 
cock  D  be  opened.  Upon  driving  down  the  pistoD,  the  air  whicb 
fills  the  cylinder  will  be  expelled  from  the  tube  B  through  the  open 
Btop-cock  D.  When  the  piston  has  reached  the  bottom  of  the  cjlindcr, 
let  D  be  closed  and  o  opened,  and  let  the  same  process  bo  repeated; 
the  air  filling  the  vessel  R  will,  as  before,  dilate  itself,  bo  as  to  fill 
such  vessel  and  the  cylinder.  The  cock  c  being  again  closed,  and  D 
opened,  and  the  piston  driven  down,  the  air  which  fills  the  cylinder 
will  be  again  expelled.  This  process  being  continued,  any  desired 
quantity  of  air,  short  of  the  whole,  can  be  taken  out  of  the  vessel  B 
and  expelled  into  the  ntniosphcre. 

It  is  e\idcnt  that  the  escape  of  the  air  from  R  into  the  cylinder  is 
effected  in  virtue  of  its  elasticity ;  while  its  escape  from  the  stop-cock 
D  into  the  atmosphere  is  effected  in  virtue  of  its  compressibility. 

740.  Rate  of  the  rarefaction,  —  It  is  easy  to  explain  the  rii/eat 
which  the  air  is  drawn  from  the  vessel  R  by  this  process.  If  we  sup- 
pose the  volume  of  the  cylinder  through  which  the  piston  passes  to  be 
I'^th,  for  example,  of  the  entire  volume  of  the  cylinder,  the  tube  snd 
the  connecting  pipe  taken  together,  then  it  is  clear,  that  on  complet- 
ing the  first  downward  stroke  of  the  piston  y^th  of  all  the  air  incladed 
between  the  piston  and  the  surface  of  the  vessel  R  will  be  expelled, 
and  T^gths  consequently  will  remain. 

At  every  succeeding  stroke,  y^th  of  what  remained  after  the  pre- 
ceding stroke  will  be  expelled,  and  in  the  same  way  r'^ths  will 
remain. 

If  wo  suppose  the  vessel  R  and  the  connecting  tube  to  contain  ten 
million  grains  weight  of  air,  the  quantities  expelled  at  each  successin 
stroke,  the  quantities  remaining,  and  the  total  quantities  expellee 
from  the  cummcneemcut  of  the  operation,  will  be  thus  exhibited  h 
the  following  table  :  — 


Grains  oxpdled 

Grains  remaining 

Total  Xumben 

No.  of  Strokei. 

nt 

untler 

of 

each  h^trokc 

Prt'uure. 

Grains  expelled. 

1 

1,000,000 

9,000,000 

1.000,000 

o 

ilUO.OOO 

8,100,000 

1,900.000 

8 

810,000 

7.290,000 

2,710.000 

4 

729.000 

6,561.000 

8,439.000 

5 

006,100 

6.905.900 

4,095.100 

6 

590,590 

5,315,310 

4.685.690 

7 

531,581 

4,783,779 

6,217,221 

8 

478,378 

4.305,401 

5,695.599 

9 

430,540 

3,874,861 

6.12r..l39 

10 

387,486 

3.487,375 

6,513,t;2.5 

j 

11 

348J37 

3,138,638 

6,862,362 

I 

12 

813,tt04 

\     *i,^^\,rA 

^;       7,176,226 
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Thus,  in  twelve  strokes  of  the  syringe,  of  the  ten  million  of  grains 
of  uir  :>ri^iii  illy  iucliKiLMl,  Houititliing  more  than  seven  million,  or 
sevcEi-teiiths  of  the  whole,  have  been  withdrawn,  and  something  less 
than  three-tenths  remain. 

741.  Jin  absolute  vacuum  cannot  he  obtained  by  this  process.  —  A 
rarefaction  has  been  therefore  produced  in  the  proportion  of  some- 
thing more  than  three  to  ten.  But  it  will  be  apparent,  that  although 
by  this  process  the  rarefaction  may  be  continued  to  any  required 
extent,  a  literal  and  absolute  vacuum  can  never  be  produced,  because 
some  quantity  of  air,  however  small,  must  always  remain  in  the 
ve.ss<d  R.     After  every  stroke  of  the  piston,  i^ths  of  the  air  which  is 

Mn  the  vessel  before  the  stroke  remains  in  it.  Now  it  is  evident,  that 
if  we  successively  subtract  y^th  of  any  quantity,  we  must  always 
have  some  remainder,  however  long  the  process  be  continued ;  and 
the  same  will  be  true,  whatever  proportion  be  thus  continually  sub- 
tracted. 

742.  But  may  he  indefinitely  approached,  —  Nevertheless,  al- 
though an  absolute  vacuum  cannot  be  obtained  by  such  means,  we  can 
continue  the  process  until  the  rarefaction  shall  be  carried  to  any  re* 
quired  extent. 

In  practice,  the  stop-cocks  D  and  c  are  replaced  by  valves.  A 
valve  is  placed  at  D  which,  opening  outwards,  is  forced  open  by  the 
elasticity  of  the  air  compressed  under  the  piston  when  depressed,  but 
is  kept  closed  by  the  external  pressure  of  the  atmosphere  when  the 
piston  is  raised.  The  valve  at  c  opens  upwards,  and  is  opened  by 
the  elasticity  of  the  air  in  R  when  the  piston  is  raised,  and  kept  closed 
by  the  elasticity  of  the  compressed  air  in  the  cylinder  when  the  piston 
is  depressed.  Instead  of  placing  a  tube  and  valve  at  B,  it  is  usual  to 
make  the  valve  in  the  piston  itself,  opening  upwards ;  but  the  action 
is  still  the  same.  An  exhausting  syringe,  therefore,  may  be  shortly 
described  to  consist  of  a  cylinder  with  two  valves,  one  in  the  bottom, 
opening  upwards,  and  one  in  the  piston,  also  opening  upwards.  When 
the  piston  is  drawn  upwards,  the  valve  in  the  bottom  of  the  cylinder 
is  opened  by  the  pressure  of  the  air  under  it,  and  the  air  passes 
tnrough  it.  When  the  piston  is  driven  downwards,  the  valve  in  the 
piston  is  opened  by  the  elasticity  of  the  air  compressed  under  it, 
which  rushes  through  it. 

743.  The  air-pump.  —  The  air-pump  is  an  apparatus  consisting 
usually  of  two  exhausting  syringes,  B  b',  Jig.  214.,  mounted  so  as  t<i 
be  worked  by  a  single  winch  and  handle,  as  represented  at  D,  and 
communicating  by  a  common  pipe  T  with  a  glass  vessel  R,  in  which 
may  be  placed  the  objects  of  experiment.  The  vessel  R,  called  a  re- 
ceiver, has  an  edge  s  ground  smooth,  resting  upon  a  plate,  also  ground 
smooth,  and  kept  in  air-tight  connexion  with  it  by  being  smeared  with 
hog's  lard.  A  stop-cock  c  is  provided  in  the  pipe  T,  by  which  the 
ecmimanications  between  the  receiver  r  and  the  syringes  can  be  made 
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Fig.  214. 

and  broken  at  pleasure.     Another  stop-cock  is  provided  elsewhere,  by 
which  a  communication  can  be  made  at  pleasure  between  the  interior 
of  the  receiver  R  and  the  external  air.     To  indicate  the  extent  to 
which  the  rarefaction  is  carried  from  time  to  time  by  the  operation  of 
the  Byringcs,  a  mercurial  gauge  ii  G  M  is  provided,  constructed  in  all 
reopecta  similar  to  a  barometer.     The  atmosphere  presses  on  the  sur- 
face of  the  mercury  in  the  cistern  M,  while  the  column  of  mercury 
in  the  tube  H  a  is  j)rcsscd  upon  by  the  rarelied  air  in  R.     The  height 
of  the  column,  therefore,  sustained  in  the  tube,  indicates  the  difference 
between  the  pres.<?ure  ef  the  external  air  and  the  air  in  the  receiver. 
When  a  gauge,  of  the  form  represented  in  fig.  214., 
is  used,  it  is  necessary  that  it  should  have  the  height  of 
about  30  inches )  since,  when  a  high  degree  of  rare&o- 
tion  has  been  cflfocted,  a  column  of  mercury  will  be  sus- 
tained in  the  tube  ii  o,  very  little  less  than  in  the  com- 
mon barometer.     Tn  small  pumps,  where  this  height 
would  be  inconvenient,  a  siphon-gauge,  such  as  that 
represented  in  fg.  215.,  is  used.     This  gauge  is  screwed 

r^^^  on  to  a  pipe  communicating  with  the  receiver.  3Iep- 
*  cury  fills  the  leg  A  B,  which  is  closed  at  the  top  A,  and 
partially  fills  the  leg  s.  When  the  atmosphere  commu- 
nicates freely  with  the  tube  l>  c,  the  surface  of  the  mer- 
cury in  s  being  pressed  by  its  full  force,  sustains  all  the 
mercury  which  the  tube  ba  can  contain,  and  this  tube,  consequently, 
remains  completely  filled ;  but  when  the  pipe  DCS  is  put  in  commu- 
nication with  the  exhausted  receiver,  the  surface  of  the  mercury  in  s 
being  acted  upon  only  by  the  pressure  of  the  rarefied  air  in  the  rc- 
ceivei,  the  weight  of  the  \ug\ieT  coVwrnxi  vti  li  A  will  predominate,  and 
the  mercury  will  fall  in  it,  \r[il\\  ^V^  ^\Sict^Ti<i^  ^1  >iJcL^  V^A"^  Vsi  ^<i 
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two  legs  shall  be  equal  to  the  pressure  of  the  rarefied  air  in  the  re- 
ceiver. 

744.  The  condensing  syringe. — This  instrument  differs  from  the 
exhausting  syringe  only  m  the  direction  in  which  the  valves  are 
placed.  It  consists  of  a  cylinder  and  piston,  as  represented  in  Jig. 
213.  When  the  piston  is  drawn  upwanis,  the  cock  d  is  open,  and  o 
is  closed,  and  the  cylinder  is  filled  with  air  proceeding  from  the  ex- 
ternal atmosphere.  When  the  piston  is  pressed  downwards,  the  cock 
T>  is  closed,  and  o  is  opened,  and  the  air  which  filled  the  cylinder  is 
forced  into  the  vessel  R.  On  raising  the  piston  again,  the  cock  c  is 
closed,  and  D  is  opened,  and  the  effects  take  place  as  before.  It  is 
evident  that,  by  every  stroke  of  the  piston,  as  much  air  as  fills  the 
cylinder  is  driven  into  the  vessel  R. 

In  practice,  the  cocks  D  and  o  are  replaced  by  two  valves,  one  in 
the  bottom  of  the  cylinder,  and  the  other  in  the  pbton,  both  opening 
downwards,  contrary  to  the  valves  in  the  exhausting  syringe. 

The  operation  is  explained  in  the  same  manner. 

745.  The  condenser, — The  condenser  is  an  apparatus  which  bears 
to  the  condensing  syringe  precisely  the  same  relation  which  the  air- 
pom  p  bears  to  die  exhausting  syringe.  It  consists  of  one  or  two 
condensing  syringes,  mounted  so  as  to  be  conveniently  worked  by  a 
winch,  and  communicating  with  a  strong  reservoir,  which  is  fastened 
down  upon  a  plate,  so  as  to  be  maintained  in  air-tight  contact  with  it, 
notwithstanding  the  bursting  pressure  of  air  condensed  within  it. 
By  the  operation  of  syringes,  volumes  of  air  corresponding  to  their 
magnitude  are  forced  continually  into  the  reservoir,  which  becomes 
therefore  filled  with  an  atmosphere  proportionally  more  dense  than 
the  external  air. 

746.  Experiments  with  the  air-pump. — I.  External  bladder- 
glass, — A  strong  glass  vessel  is  provided,  open  both  at  top  and  bot- 
tom, and  having  a  diameter  of  four  or  five  inches.  Upon  one  end  is 
tied  a  bladder,  so  as  to  be  completely  air-tight.  The  other  end  is 
plaoed  upon  the  pump-plate,  being  previously  smeared  with  lard,  to 
make  the  contact  air-tight  The  air  under  the  bladder  is  rarefied  by 
the  operation  of  the  pump,  and  the  bladder  is  subject  to  a  pressure 
from  without  proportional  to  the  difference  between  the  pressure  of 
the  external  air  and  the  pressure  of  the  rarefied  air  under  the  blad- 
der. When  the  rarefaction  has  been  carried  to  such  an  extent  that 
the  strength  of  the  bladder  is  less  than  this  pressure,  the  bladder 
bursts  with  a  loud  report 

II.  Internal  bladder-glass. — A  glass  vessel,  open  at  one  end  only, 
similar  to  the  last,  is  provided,  on  the  mouth  of  which  a  bladder  is 
tied,  80  as  to  be  air-tight  This  vessel  is  plaped  under  a  receiver  on 
the  air-pump  plate,  and  the  air  around  it  within  the  receiyet  is  nqrfh 
fied  by  the  pump.  The  elasticity  of  the  air  ii^cluded  witi^in  the  bUid- 
31*  366 


84 


MECHANICAL  PROPRRTIES  OF  AIR. 


der  being  greater  tban  that  of  the  rarefied  air  oatffidc  it,  there  is  t 
bursting  pressure  within  the  bkdder  proportional  to  the  diflferenoe  be- 
tween the  elasticity  of  the  air  within  and  without.  If  the  bkddcr 
be  not  too  strong,  the  rarefaction  maj  be  carried  to  such  an  extent 
that  the  bladder  will  burst. 

III.  Bottle  hurst  hy  elasticity  of  camnum  air, — Let  two  bottlei 
composed  of  very  thin  glass  be  provided,  one  having  flat  sides,  and 
the  other  round,  and  their  mouths  being  closed,  so  as  to  be  air-tight, 
air  being  included  within.  If  these  bottles  be  placed  under  a  re- 
ceiver, and  the  air  around  them  bo  exhausted,  that  with  the  flat  sides 
will  bo  burst  by  the  elasticity  of  the  air  it  contains ;  that  which  has 
round  sides  will  resist  the  clastic  force  in  consequence  of  the  strength 
depending  on  its  shape. 

IV.  Effect  of  gases  coni  caned  in  dried  fruit, — If  shrivelled  firuit, 
Buch  as  apples  or  grapes,  be  placed  under  a  receiver,  and  the  ur 
around  them  exhausted,  they  will  lose  their  shrivelled  appearance, 
and  seem  to  be  fresh  and  ripe.  This  eflect  is  caused  by  the  gases 
which  they  include  distending  them  so  soon  as  their  external  surface 
is  relieved  from  the  pressure  of  the  surrounding  air,  so  as  to  give 
effect  to  the  elasticity  of  these  gases. 

V.  The  Magdehurgh  hemispheres. — The  apparatus  known  by  tlus 
title  is  represented  in  fig.  216.  It  consists  of  two  hollow  brass 
hemispheres  with  evenly  ground  edges,  which  admit  of  being  brought 
into  air-tight  contact  when  smeared  with  lard.     The  apparatus  when 

screwed  upon  the  plate  of  an  air-pump  may  be  ex- 
hausted, so  that  the  space  within  the  hemispheres 
may  bo  rendered  a  partial  vacuum.  The  external 
air  will  thus  press  the  two  hemispheres  together 
with  a  force  proportional  to  the  difference  between 
the  pressure  of  the  external  air  and  tho  pressure  of 
the  rarefied  air  within.  When  a  sufficient  exhaus- 
tion has  been  produced,  the  stop-cock  attached  to 
the  lower  hemisphere  is  closed,  the  apparatus  is  un- 
screwed from  the  pump-plate,  and  a  handle  screwed 
upon  the  lower  hemisphere.  It  will  be  found  that 
two  of  the  strongest  men  will  bo  unable  to  tear  the 
hemispheres  asunder,  provided  they  are  of  a  mode- 
rate magnitude,  owing  to  the  amount  of  the  pres- 
sure with  which  they  are  held  together.  If,  for 
example,  the  pressure  of  the  rarefied  air  within  is 
equivalent  to  a  column  of  two  inches  of  mercury,  while  the  external 
air  has  a  pressure  represented  by  30  inches  of  mercury,  there  will  be 
a  force  amounting  to  14  lbs.  per  square  inch  in  the  section  of  the 
hemisphei'es. 
If  the  hemispheres  have  4  me\ie%  diwacL^itcir^  the  area  of  their  sec- 
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tioQ  will  be  nearly  12^  square  inches,  and  consequently  the  force  with 
which  they  will  be  pressed  together  will  be  about 
12i  X  14  =  175  lbs. 
This  apparatus  derives  its  name  from  the  place  where  the  inventor 
of  the  ur-pumpy  Otto  Guerickc,  first  exhibited  the  experiment,  in  the 
year  1654.  The  section  of  the  hemispheres  employed  by  him  mea- 
sured 113  square  inches,  and  they  were  held  together  by  a  force  equal 
to  about  three-fourths  of  a  ton. 

CHAP.    V. 

MACHINES  FOR  RAISING  WATER. 

747.  The  bucket  in  a  well, — The  most  simple  apparatus  by  which 
water  can  bo  raised  from  a  depth  is  a  bucket  suspended  from  a  rope, 
which  is  wound  upon  a  windlass.  The  bucket  being  let  down  and 
dipped  into  the  water,  is  drawn  up  by  working  the  windlass.  The 
bucket  may  be  filled  without  being  inverted,  by  providing  a  valve  in 
its  bottom  opening  upwards ;  the  weight  of  the  empty  bucket  press- 
ing on  the  water  is  sufficient  to  open  the  valve. 

In  this  process,  however,  the  moving  power  which  works  the  wind- 
lass raises  not  only  the  weight  of  the  water  and  the  bucket  which 
contains  it,  but  also  the  weight  of  the  rope  by  which  the  bucket  is 
suspended. 

748.  The  lifting-pump.  —  If,  instead  of  a  bucket  and  rope,  a  pipe 
or  tube  be  let  down  into  the  well,  and  in  this  pipe  a  piston  be  pro- 
'I'ided  having  a  valve  in  it  opening  upwards,  this  piston  being  worked 
in  the  usuid  manner  upwards  and  downwards,  the  water  would  be 
lifted  in  the  pipe.  Such  an  apparatus  is  called  a  lifting-pump,  and  is 
represented  in  fig,  217. :  w  is  the  water,  c  d  the  piston,  u  the  valve 
in  it  which  opens  upwards.  When  the  piston  is  moved  downwards, 
this  valve  opens,  and  the  water  passes  through  it  When  the  piston 
is  moved  upwards,  the  column  of  water  which  is  above  it  is  pushed 
ap,  and  the  valve  is  kept  closed  by  the  pressure  of  the  water  upon  it 
A  valve  x  is  placed  at  o  d  in  a  fixed  position,  through  which  the 
c^^lumn  of  water  passes  when  the  piston  rises,  and  which  prevents  the 
return  of  such  water  downwards,  the  valve  being  kept  closed  by  the 
weight  of  the  water  above  it.  The  column  of  water  driven  upwards 
by  the  piston  is  pushed  to  any  required  height,  through  the  pipe  £  P. 
In  such  an  apparatus,  the  moving  power  must  be  equal  to  the  weight 
of  the  water  raised,  together  with  the  weight  of  the  pump-rod  and 
frame  by  which  the  piston  is  worked,  as  well  as  the  friction  of  th* 
uo\'ing  parts. 
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Fig.  217.  Fig.  S1& 

749.  7!^  suctiorhjntmp.  —  By  far  the  most  «oniiiott  farm  of  At 
water-pump  is  the  common  sootion-piiinp  nmiaUj  fwovided  ftr  diHMi* 
tie  parpcraes.  This  instrument  oonsists  of  a  pipe  or  bund,  SO^Jf- 
218.,  which  descends  into  the  well,  and  the  length  of  wfakh  nraal  n 
losstiian  34  feet  Attached  to  the  top  of  this  pipe,  whiob  kodled  At 
SQotion-pipc,  is  a  large  syringe,  actinff  predaely  on  the  prinoiple  of  At 
exhausting  syringe  iSready  explained 

At  the  commencement  of  the  operation,  the  pipe  SI  if 
air  to  the  level  of  the  water  in  the  well.  The  opentioa  of  1 
according  to  what  has  heen  already  explained,  draws  the  ehisf  part  of 
the  air  out  of  this  pipe  8  E.  When  the  water  witUn  the  pips  is  pn^ 
tially  relieved  from  the  atmospheric  preaBore,  the  weigjhl  of  ns  sIbo- 
aphere,  acting  upon  the  external  surfiice  of  the  water  in  tiia  mOf  tanm 
it  up  in  the  pipe  be;  and  according  as  the  ahr  is  withdnum  by  the 
syringe,  the  water  continues  to  rise,  until  it  pasooa  thnN^  As  wdrc 
X,  This  valve  opening  upwards,  prevents  its  return,  mos  the  wsu" ' 
of  the  column  above  it  will  keep  it  closed.  When  the  fanral  ▲  01 
oomes  filled  with  water,  the  syringe  no  longer  aota  as  sooli,  ] 
on  the  pimcipal  of  the  lifting  pump,  already  explsinscL 
|«8ton  descends,  the  valve  x  is  closed,  and  the  ¥idfs  «. 
water  passing  through  ihe  plaUm.    When  the  pisloB  it^wW^I 
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Tilve  V  is  closed;  and  the  column  of  water  above  the  piston  is  pro- 
jected upwards. 

Meanwhile  the  pressure  of  the  atmosphere  on  the  water  in  the  well 
'pauses  more  water  to  rise  in  the  pump-barrel  following  the  piston. 

It  has  been  already  explained  that  the  atmospheric  pressure  is  capa- 
ble of  supporting  a  column  of  about  34  feet  of  water.  It  is  evident, 
therefore;  that  such  a  pump  as  is  here  described  can  only  bo  efficient 
wlicn  the  piston  is  at  a  height  of  less  than  34  feet  above  the  Burfiu» 
of  the  water  in  the  well,  since  otherwise  the  atmospheric  pressure 
would  not  keep  the  water  in  contact  with  the  piston. 

The  Buction-pump;  therefore,  as  compared  with  the  lifting-pump, 
saves  34  feet  length  of  pump-rod ;  but  otherwise  there  is  no  com- 
parative mechanical  advantage. 

It  might  appear  at  first  view  that  the  pressure  of  the  atmosphere 
Bustaiuing  a  column  o£  water  in  the  suction-pipe,  supplies  aid  to  the 
power  that  works  the  pump,  and  spares  an  equivalent  amount  of  that 
power. 

This,  however,  is  not  the  case,  as  will  appear  from  a  due  considera- 
tion of  all  the  forces  which  are  in  operation. 

The  atmosphere  presses  with  a  force  of  about  15  lbs.  per  square 
inch  on  the  sur&ce  of  the  water  in  the  well,  and  produces  therefore 
an  upward  force  upon  the  column  raised,  the  amount  of  which  is  es- 
timated in  lbs.  by  multiplying  the  number  of  square  inches  in  the 
section  of  the  column  by  15.  But,  on  the  other  hand,  the  atmo- 
sphere also  presses  upon  the  upper  surface  of  the  column  raised  with 
exactly  the  same  force,  and  consequently  the  upward  and  downward 
pressure  of  the  atmosphere  upon  the  column  of  water  raised  being 
equal  and  opposite,  are  mutually  destructive;  the  weight,  therefore, 
of  the  entire  column  of  water  extending  from  the  level  of  the  sur- 
ikce  in  the  well  to  the  pipe  of  discharge  above,  must  be  raised  by  the 
power,  whatever  it  be,  that  works  the  pump.  This  power,  therefore, 
must  overcome  not  only  the  weight  of  the  column  of  water  above  the 
piston,  but  also  of  that  part  of  the  column  which  is  between  the  piston 
and  the  well. 

750.  The  forcing-pump.  —  This  instrument  is  represented  in  Jig. 
219.  The  suction-pipe  c  e  is  similar  to  the  suction-pump.  The  piston 
e  if  is  a  solid  plug  without  a  valve. 

.  The  forcing  pipe  O  H  has  at  its  base  effi  valve  v'  which  opens  up- 
wards. When  the  piston  cdia  raised,  the  valve  y  is  opened,  and  the 
water  rises  from  the  suction-pipe  into  the  pump-barrel.  When  the 
piston  e  d  IB  pressed  downwards,  the  valve  y  is  closed,  and  the  water 
is  forced  by  the  pressure  of  the  piston  through  the  valve  y'  into  the 
force-pipe,  and  thus  while  the  operation  is  continued,  at  each  upward 
motion  of  the  piston,  water  is  drawn  from  the  suction-pipe  into  the 
pump-barrel,  and  at  each  downward  motion  it  is  forced  from  the  pump- 
Murel  into  the  force<^ipe. 
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761.  Faremgimmp  milk  aiT'^eitA. — In  flvdM  to  pradoM  a 
turned  flow  of  water  in  the  fbroe-pipei  an  m-immi  k  oAai 
to  Horoe-pumps.    Sooh  an  appendage  k  npneentad  in  j(y.  220. 


Fig.  820. 

When  the  piston  deeoends,  the  water  is  driven  through  the  ¥ilfe- 
pipe  v'  into  the  vessel  which  is  closed  and  contains  air.  The  fones 
Q  H  descends  into  this  vessel,  and  terminates  near  the  hottom.  The 
water  which  is  forced  in  rises  in  it  to  a  certain  level,  w  w*,  the  air 
ahove  it  being  compressed.  The  return  of  the  water  through  the 
valve  y'  being  stopped,  it  is  subject  to  the  elastic  pressure  of  the 
air  confined  in  the  air-vessel  M  N.  This  pressure  foroes  the  water 
through  the  tube  H  Q,  from  the  top  of  which  it  issues  in  a  oonstsnt 
stream. 

In  the  force-pump,  as  represented  in  this  figure,  the  upper  smfree 
of  the  piston  is  exposed  to  the  atmospheie  and  does  not  set;  the 
lower  surface  acts  altematelj  by  suction  and  pressure.  When  the 
jHSton  is  drawn  upwards  it  acts  by  suction,  and  when  the  piston  is 
driven  downwards  it  acts  by  pressure.  Now  theve  is  no  reason  why 
the  upper  surface  of  the  piston  might  not  be  similariy  emidoyed. 

To  accomplish  this  it  would  be  only  necessary  to  pat  the  upper 
part  of  the  pump-barrel  in  communication  with  the  suction-|iipe  and 
the  force-pipe  with  proper  valves. 

This  is  accordingly  accomplished  in  some  fondne-pumps  in  which 
the  pision  acts  upon  the  column  in  the  force-pipe  Doth  in  asoending 
and  descending;  and,  consequently^  acts  continuously  withoot  the 
mtcrvention  of  an  air-vessel. 

752.  The  fire-engine,  —  The  fire-engine  is  nothing  more  than  two 
force-pumps,  worked  by  a  common  winch  or  handle,  in  a  manner 
exactly  similar  to  the  two  syringes  whieh  work  an  aip^fnunp. 
The  pistons  ascend  and  descend  alternately  in  the  pnmp^bamli^  and 
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dnve  a  continual  stream  of  water  into  an  air-vessel,  so  that  a  con- 
tinual jet  can  be  projected  from  the  discharge  pipe. 

753.  The  siphon,  —  A  siphon  is  an  apparatus  by  which  a  liquid 
can  be  decanted  from  one  vessel  to  another  without  inverting  or  other- 
disturbing  the  position  of  the  vessel  from  which  the  liquid  is 
removed.  Let  d,  fig.  221.,  be  a  vessel 
containing  a  liquid,  and  let  B  be  the 
height  over  which  it  is  necessary  to  con- 
duct the  liquid,  so  as  to  transfer  it  to 
the  vessel  F  a.  Let  A  b  o  be  a  bent 
tube  open  at  both  ends,  and  let  the  leg 
B  A  be  immersed  in  the  liquid  which  it 
is  required  to  transfer,  and  let  the  leg 
B  0  be  directed  into  the  vessel  into  which 
the  liquid  is  to  be  removed.  Let  the 
air  which  fills  the  tube  A  B  c  be  drawn 
from  it  by  the  mouth  placed  at  c,  or  by 
an  exhausting  syringe.  The  liquid  in 
^**  ^^:  the  vessel  D  will  then  be  forced  up  in 

the  pipe  A  B  by  the  pressure  of  the  atmosphere,  and  will  fill  the  en- 
tire tube  to  the  mouth  c.  It  will  then  flow  through  the  siphon,  and 
continue  to  be  discharged  at  o  so  long  as  the  level  of  the  liquid  in 
the  vessel  D  is  above  its  level  in  the  vessel  f  a. 

It  is  evident  that  the  bend  of  the  siphon  b  cannot  be  at  a  greater 
height  above  the  level  of  the  liquid  in  d  than  corresponds  with  the 
height  of  a  column  of  the  liquid  which  the  atmospheric  pressure  can 
BQpport.  Thus,  if  the  liquid  to  bo  decanted  were  mercury,  the  height 
of  B  above  d  should  be  less  than  30  inches;  and  if  it  were  water,  it 
must  be  less  than  34  feet.  • 

The  principle  of  the  siphon  is  easily  explained.  Supposing  the 
entire  tube  to  be  filled  with  liquid,  we  have  the  column  extending  in 
the  siphon  from  the  leg  d  to  the  highest  point  b,  pressed  upwards  by 
the  atmosphere  acting  upon  the  surfiice  d,  and  transmitted  to  it  by 
the  liquid  in  the  vessel  and  in  the  tube.  Against  this  there  is  the 
weight  of  the  column  of  liquid  in  the  siphon,  extending  from  the  leg 
D  to  the  point  b.  The  pressure  therefore  acting  at  the  point  b  to- 
wards X  is  that  of  the  atmosphere,  diminished  by  the  weicht  of  a 
column  of  the  liquid|  whose  height  is  that  of  the  point  b  above  the 
Bur&oe  D. 

Now  we  have  at  the  point  B  another  pressure  opposed  to  this.  The 
atmoephere  pressing  on  the  surfiioe  of  the  liquid  at  l  is  in  like  man- 
ner transmitted  to  the  point  B  by  means  of  the  liquid  in  the  vessel 
r  o,  and  in  the  tube  -,  but  it  is  diminished  by  the  weight  of  a  column 
of  the  liquid,  whose  height  is  that  of  the  point  b  above  the  surface 
Xfe  If  the  height  of  b,  uierefore,  above  the  surfiice  of  the  liquid  in 
the  two  ^esseli  were  the  same,  the  liquid  at  b  would  be  preMed 
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equally  in  opposite  directione  by  the  eommoQ  foroe  of  Uie  atmoBphen^ 
diminished  by  the  weight  of  two  equal  columus  of  the  liquid.  But 
80  long  u  the  column  B  L  is  greater  than  the  oolnmn  b  d,  the  effeet 
of  the  atmospheric  pressure  acting  from  B  towards  B  will  be  more  di- 
minished than  its  effect  acting  from  B  towards  E|  and  consequently 
the  liquid  will  flow  in  the  latter  direction.  In  a  word,  the  liquid  will 
flow  through  the  siphon  towards  that  vessel  in  which  its  level  is  low- 
citty  and  will  continue  so  to  flow  until  the  levels  be  equaliaed. 

The  process  of  exhausting  the  siphon  by  suction  or  otherwise  is 
often  difficult,  and  always  inconvenient  It  nuiy  be  avoided  by  in- 
verting the  siphon  y  and  filling  up  the  end  of  its  longer  leg,  that  of 
the  shorter  leg  being  temporarily  stopped. 

The  siphon  being  once  filled,  and  its  mouths  plugged,  it  may  be 
inverted  and  placed  in  the  vessel  in  the  required  position,  when,  the 
plugs  being  removed,  it  will  commence  to  act. 


Fig.  223. 

A  siphon  is  sometimes  constructed,  as  represented  in  Jig,  222., 
having  a  suction  or  exhausting  pi|x)  D  £  attached  to  it,  by  which  the 
j)roc<;ss  is  facilitated. 

The  Wurtembcrg  siphon  is  so  formed  that  when  once  filled  it  will 
always  remain  so,  provided  the  waste  by  evaporation  be  supplied. 
This  instrument  is  represented  in  Jig,  223. 


CHAP.  VI. 

TUB   AIR-GUN,  THE"  BALLOON,  AND  THE  DIVING-BELL. 

754.  The  air-gun.  —  The  air-gun  is  an  instrument  by  which  balls 
or  other  missiles  are  projected  by  the  clastic  force  of  compressed  air 
instead  of  the  ex])ansive  force  of  gunpowder. 
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A  strcmg  hollow  chamber,  usually  having  the  form  of  a  metallio 
bally  ifl  proTided,  into  which  air  is  condensed  by  means  of  a  condens- 
ing syringe.  This  is  screwed  upon  the  gun  near  the  breach,  so  as  to 
communicate  with  the  interior  of  the  banrel  behind  the  ball,  the  pipe 
of  communication  being  governed  by  a  valve  or  cock  which  is  con- 
nected with  the  trigger.  On  drawing  the  trigger,  the  valve  is  opened, 
and  the  barrel  put  in  free  communication  with  the  condensed  air, 
which,  pressing  behind  the  ball,  propels  it  towards  the  mouth,  from 
which  it  is  projected  with  a  corresponding  force.  The  stock  of  the 
gun  may  contain  a  supply  of  balb,  and  be  furnished  with  a  simple 
mechanism,  by  which  they  may  be  successively  transferred  to  the  bar- 
rel, so  that  the  gun  may  bo  immediately  loaded  after  each  discharge. 

755.  The  air  balloan.  —  It  has  been  explained  in  the  lost  book 
that  any  body  lighter  bulk  for  bulk  than  a  liquid  will  ascend  through 
the  liquid  to  its  surface.  There  is  nothing  in  the  conditions  which 
determine  this  question  which  renders  them  inapplicable  to  aeriform 
fluids ;  and  it  accordingly  follows  by  the  same  reasoning,  that  if  a 
My,  lighter  bulk  for  Dulk  than  the  atmosphere,  be  pla^  in  it,  it 
will  rise  upwards,  in  the  same  manner  and  upon  the  same  principles 
is  a  oork  would  rise  in  water. 

If  a  hollow  vessel  of  sufficient  magnitude  could  bo  exhausted  by 
an  air-pump,  and  if  it  could  be  constructed  with  sufficient  strength  to 
resist  tiie  external  pressure  of  the  atmosphere,  and  at  the  same  time 
so  light  that  its  entire  weight  would  be  less  than  the  weight  of  the  air 
extracted  from  it  by  the  pump,  such  a  body  would  necessarily  rise  in 
the  atmosphere,  its  weight  being  less  than  that  of  the  air  it  displaces. 
Bat  these  conditions  are  impracticable ;  there  is  no  material  of  which 
such  a  body  could  be  constructed,  so  as  to  be  at  the  same  time  suffi- 
ciently light  and  sufficientlv  strong. 

If  a  fluid  could  be  found  lighter  bulk  fbr  bulk  than  air,  having  the 
same  pressure,  then  a  hollow  vessel  filled  with  such  a  fluid  would  be 
subject  to  no  external  pressure  tending  to  crush  it,  aud  might  be  lighter 
bulk  for  bulk  than  air,  and  under  such  circumstances  it  would  ascend 
in  the  atmosphere. 

756.  Fire  balloons,  ^^The  first  attempts  to  realize  these  conditions 
were  by  means  of  heated  air.  When  air  is  heated  it  expands,  and 
bulk  for  bulk  becomes  lighter  than  it  is  at  a  lower  temperature. 

If,  then,  a  large  bag,  composed  of  paper  or  silk,  or  other  light  ma- 
terial, be  filled  with  heated  air,  the  weight  of  such  a  bag,  including  its 
contents,  might  be  less  than  its  own  bulk  of  air  in  the  natural  state, 
and  it  would  consequently  have  a  buoyancy  proportional  to  such  difler- 
ence  of  weight 

757.  MontgolJUr*s  balloon. — The  application  of  this  principle 
formed  the  first  successful  attempt  in  aerostation.  In  the  year  1722^ 
the  celebrated  Montsolfier,  residing  at  Annonai,  made  a  series  of  ex- 
perim«nti  which  ultimately  terminated  in  the  formation  of  a  balloon 
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of  the  Bphcrical  form,  coDtainiog  23,000  cubic  feet  of  heated  air,  tnd 
having  such  a  buoyancy  as  to  he  capable  of  raising  a  gross  weight  of 
500  lbs.  This  machine  rose  in  the  atmosphere  to  the  neigfat  of  6000 
feet  In  this,  and  subsequent  similar  experiments,  the  air  within  the 
balloon  was  kept  heated  by  a  fire  which  was  liehted  below  it,  the  bal- 
loon having  an  open  mouth  at  its  lowest  pointy  urough  which  the  flame 
of  the  fire  was  transmitted. 

758.  Hydrogen  balloons,  —  The  step  from  the  fire  balloon  to  bal- 
loons filled  with  gas,  lighter  bulk  for  bulk  than  the  atmosphere,  was 
easy  and  obvious.  The  gas  denominated  hydrogen  was  no  sooner  dis- 
covered than  it  was  applied  to  this  purpose. 

This  gas,  being  more  than  fourteen  times  lighter  than  atmospherie 
air,  has  cousiderublo  buoyancy;  balloons,  accordingly,  filled  with  it, 
would  rise  to  a  groat  height  in  the  atmosphere. 

It  has  been  already  explained,  that  as  we  ascend  in  the  atmosphere, 
the  strata  of  air  have  less  and  less  den^ty :  a  balloon,  therefore,  con- 
taining gas  whose  pressure  balances  the  lower  strata,  will,  if  it  be 
completely  filled,  have  a  tendency  to  burst  when  it  ascends  into  the 
raror  strata ;  for  the  gas,  not  having  room  to  expand,  will  maintain  its 
original  elastic  force,  while  the  atmospheric  pressure,  being  diminished 
in  the  ascent,  will  cease  to  balance  it.  There  will  therefore  be  a  burst- 
ing pressure  c^iuivalcnt  to  the  excess  of  the  atmospheric  pressure  at 
the  lower  strata,  over  the  pressure  in  the  superior  strata  to  which  the 
ball<K»n  ascends. 

These  elfccts  are  prevented  practically  by  inflating,  only  imper- 
fectly, the  balloon  at  the  moment  of  its  ascent.  When  it  rises  into 
the  su})crior  strata,  the  g^is  accordingly  expands,  and  the  balloon  be- 
comes compuratively  filled,  gaining  at  the  same  time  increased  buoy- 
ancy by  the  increased  expansion  of  the  gas  within  it.  If  it  ascend  to 
a  still  greater  height  tlian  that  at  which  the  inflation  becomes  com- 
plete, it  is  relieved  from  the  bursting  force  by  means  of  a  safety 
valve. 

When  the  teronaut  desires  to  descend,  he  is  provided  with  a  valve, 
by  which  he  can  discliarge  a  part  of  the  gas,  so  as  to  diminish  the 
buoyancy  of  the  balloon;  and  when  he  requires  to  ascend,  he  is  pro- 
vided with  ballast  composed  of  sand-bags,  by  casting  out  which  he 
diminishes  the  weight  of  the  balloon. 

750.  Serial  voyage  of  Gay  Lnssac  and  Biot. — The  impractica- 
bility of  governing  balloons  in  their  course  through  the  air  has  pre- 
vented, and  probahly  will  continue  to  prevent,  them  from  being  appliivl 
to  any  purpose  of  permanent  or  extensive  utility.  Scientific  voyages 
have,  however,  been  made  into  the  atmosphere  with  some  success,  for 
the  purpose  of  observing,  at  great  elevations,  meteorological  pheno- 
mena. In  1804,  MM.  Gay  Lussac  and  Biot  made  an  ascent  from 
l^aris,  taking  with  them  meteorological  apparatus,  and  attained  a  height 
of  13.000  feet.     Soon  afterwards,  M.  Gby  Lussac  ascended  alone  to  a 
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height  of  23,000  feet ;  and  a  like  eleTation  has  recently  heen  attuned 
by  MM.  Bairal  and  Bizio. 

760.  Voyage  of  Gamerin.  —  In  1807,  M.  Q«mcrin  made  a  noo- 
tamal  ascent,  and,  rising  with  nnusoal  rapidity,  attained  a  prodigious 
elevation.  By  some  neglect,  the  apparatus,  on  discharging  the  gas, 
became  unmanageable,  and  the  aeronaut  was  obliged  to  make  an  in- 
cision in  the  balloon,  which  then  descended  with  such  rapidity  that  he 
was  obliged  to  counteract  its  motion,  by  casting  out  his  ballast.  The 
balloon,  in  this  way,  alternately  rose  and  sunk  for  eight  hours,  during 
which  he  experienced  the  phenomena  of  a  thunder-storra,  by  which, 
in  fine,  he  was  driven  against  the  mountains,  and  landed  at  Mont  Ton- 
nerre,  a  distance  of  300  miles  from  the  place  of  his  ascent. 

761.  Attempts  to  use  balloons  in  military  operations,  —  Attempts 
have  been  made  to  render  balloons  useful  in  military  operations.  A 
captive  balloon  is  held  attached  to  a  cord  of  sufficient  length,  so  that 
a  person  can  ascend  to  a  corresponding  height  and  obtain  a  bird's-eye 
view  of  the  enemy's  movements.  An  academy  for  the  practice  of  this 
manoeuvre  was  formerly  established  at  Mcudon,  near  Paris,  where  a 
corps  of  aeronauts  was  trained.  The  project,  however,  was  soon 
abandoned. 

762.  The  diving-hell,  —  This  machine  depends  for  its  cfTect  on 
the  impenetrability  which  air  enjoys  in  common  with  all  material 
substances.  The  diving-bell  is  a  large  vessel  closed  at  the  sides  and 
top,  but  open  at  the  bottom,  impenetrable  to  air  and  water.  When 
pressed  with  its  mouth  downwards  into  the  water,  the  water  partially 
enters  the  mouth,  compressing  the  air  within  it.  As  it  descends, 
this  compression  increases,  and  at  a  depth  of  thirty-four  feet,  being 
equal  ir  that  of  the  atmosphere,  the  air  included  in  the  bell  will  be 
compresbed  into  half  its  volume,  and  consequently  the  bell  will  be 
half  filled  with  water.  Apparatus  is  provided  by  which  this  effect  is 
counteracted,  by  forcing  iu  air  by  means  of  a  condenser  worked  at  the 
surface,  communicating  by  a  pipe  which  descends  and  enters  the  bell 
by  being  brought  under  its  mouth.  It  is  forced  in  until  the  water  is 
brought  nearly  to  the  mouth  of  the  bell,  which  is  thus  filled  with  air 
in  a  compressed  state. 

According  as  the  air  included  in  the  bell  is  rendered  impure  by 
respiration,  it  is  discharged,  and  fresh  air  is  received  by  means  of  the 
condenser  and  pipe  just  mentioned.  Strong  glass  lenses,  similar  to 
those  fixed  in  the  deck  of  a  ship,  are  set  in  the  top  of  the  bell, 
by  which  light  is  admitted  to  the  interior.  The  shape  of  the  machine 
ia  generally  oblong,  with  seats  for  the  divers,  shelves  for  writing 
materials  and  other  articles  being  placed  at  the  sides.  Messages  are 
communicated  from  the  bell  to  the  surface  above,  either  by  writing 
or  by  signals.  A  board  is  carried  in  the  bell,  on  which  a  written 
message  may  be  chalked^  and  which  is  connected  by  a  cord  With  the 
Boperintendent  above. 
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When  the  bell  is  of  cast-iron,  ngnals  are  given  bj  striking  it  with 
B  hammer,  which  produces  a  sound  distinctly  audible  at  the  snr&oe 
of  the  water.  The  bell  is  usually  suspended  by  a  crane  placed  at  the 
surface  of  the  water,  so  that  its  position  can  be  changed  within  certain 
limits.  Means,  however,  are  also  provided,  by  which  the  divers  can 
emerge  from  the  bell,  and  move  about  in  the  water,  having  dresstf 
by  which  they  are  enabled  to  respire  the  air  included  in  the  belL 
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CHAPTER  1. 

STANDARDS  OF  SPECIFIC  ORAYITT. 

763.  Weight  with  reference  to  bulk,  —  When  substances  are  com- 
pared  one  with  another  in  reference  to  their  weight,  one  is  denomi- 
nated heavier  or  lighter  than  another,  without  any  special  reference 
either  to  the  bulk  or  weight  of  any  particular  quantity  of  the  sub- 
stance in  question. 

ThuBy  when  we  say  cork  is  lighter  than  oak,  and  mercury  is  hea- 
vier than  water,  we  speak  intelligibly,  although  it  be  true  that  a  par- 
ticular mass  of  cork  may  be  found  which  is  heavier  than  a  particular 
quantity  of  oak,  and  a  certain^mass  of  water  may  be  heavier  than  an- 
other mass  of  quicksilver.  It  is,  however,  implied  in  such  estimates, 
that  thej  refer  to  equal  volumes  of  the  two  substances  which  are  thus 
compared  as  to  weight.  When  we  say  that  cork  is  lighter  than  oak, 
we  mean  that  a  piece  of  cork  b  lighter  than  a  piece  of  oak  of  the 
same  sixe ;  and  when  we  say  that  water  is  lighter  than  mercury,  we 
mean  the  observation  to  apply  to  equal  measures  of  the  two  liquids. 

A  substance  is  sometimes  said  to  be  heavy  or  light  without  express 
reference  to  any  other  substance :  thus  air  is  said  to  be  light,  and  lead 
heavy.  A  comparison  is,  however,  here  tacitly  implied.  It  is  meant 
that  air  is  lighter,  and  lead  heavier,  bulk  for  bulk,  than  the  average 
of  the  substances  that  fall  under  common  observation.  This  use  of 
positive  terms  to  express  comparative  qualities  prevails  in  all  applicn- 
tioiis  of  language :  thus  we  say  of  a  certain  individual  that  he  is  very 
tally  and  of  a  certain  house  that  it  is  very  hich ;  meaning  that  the 
man  is  taller  than  the  average  of  men,  and  the  house  higher  than  the 
average  of  houses. 

764.  Ahsoiute  and  relative  weight. — It  appears,  therefore,  that  the 
term  weight  is  used  in  two  distinct,  and  sometimes  opposite,  senses. 
A  mass  of  cork  may  be  at  once  very  light  and  very  heavy,  according 
to  the  sense  in  which  the  terms  are  used.  A  mass  of  cork  whiou 
wei|^  twenty  tons  is  heavy  because  the  absolute  weight  is  oonsider- 
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able.  It  is,  however,  in  another  sense  light,  becanaOy  bulk  for  bulk, 
compared  with  most  other  solid  sabstanoes  with  which  we  are  fiuniliar, 
•ts  weight  is  inconsiderable. 

The  absolute  weight  of  a  body  is  that  of  its  entire  mass,  withont 
any  reference  to  its  bnlk ;  the  relative  weight  is  the  weight  of  a  given 
magnitude  of  the  substance  commured  with  the  weight  of  the  same 
'  magnitude  of  other  substances.  The  term  weight  is  commonly  used 
to  express  the  absolute  weight,  while  the  relative  weight  is  called 
specific  gravity.  This  denomination  of  relative  weight  implies  that 
bodies  of  different  species  have  different  weights  under  eqnal  volumes. 
Thus,  a  cubic  inch  of  cork  has  a  weight  different  from  a  cubic  inch 
of  oak  or  of  gold ;  a  cubic  inch  of  water  contains  a  less  weight  than 
a  cubic  inch  of  mercury. 

Each  different  species  of  body  has  a  different  weight  corresponding 
to  the  same  bulk;  and  hence  the  name  specific  gravity,  which  ex- 
^  presses  the  weight  of  a  given  bulk. 

765.  Standard  of  specific  gravity  for  solids  and  liquids. — But  u 
specific  gravity  is  a  comparative  term,  it  is  convenient  that  some 
standard  should  bo  selected  to  which  all  substances  may  be  referred. 
AVator  haa  accordingly  been  taken,  by  common  consent,  as  this  stan- 
dard for  all  bodies  in  the  solid  or  liquid  form.  If  we  say,  then,  that 
the  specific  gravity  of  quicksilver  is  13},  it  is  meant  that  the  weight 
of  any  particular  measure  of  quicksilver  is  13}  times  greater  than 
the  weight  of  the  same  measure  of  water. 

]^it  in  adopting  water  as  a  standard,  it  is  important  to  consider 
whether  that  liquid  itself  be  not  subject  to  variation  in  its  weights 
Now  it  will  be  shown,  hereafter,  that  every  change  of  temperature 
which  a  substance  undergoes  causes  a  change  in  its  volume;  and 
water  sliares  in  this  universal  quality.  When  the  temperature  is 
raised,  it  boconies  lighter :  a  pint  of  boiling  water  is  lighter  than  a 
pint  of  cold  water.  If  a  pint  vessel  be  exactly  filled  with  boiling 
water,  it  will  be  something  less  than  full  when  it  becomes  cold,  the 
wator  contracting  its  dimensions  as  its  temperature  is  lowered.  In 
adopting  water,  therefore,  as  a  standard,  it  is  important  that  it  should 
be  taken  at  some  known  temperature. 

In  some  tables  of  specific  gravities,  water  is  taken  as  the  standanl 
at  the  temperature  of  C0°,  assumed  as  the  average  temperature  in  our 
climate.  There  is  a  further  convenience  in  the  adoption  of  this  tem- 
perature as  that  of  the  standard,  since  it  happens  that  a  cubic  foot 
of  water  at  this  temperature  weighs,  with  great  precision,  1000  ounces. 
The  numbers,  therefore,  which  express  the  specific  gravities  of  other 
bodies  with  reference  to  this,  will  also  express  the  number  of  ounces 
which  are  contained  respectively  in  a  cubic  foot  of  their  dimensions. 
Thus,  if  L*J,580  express  the  specific  gravity  of  mercury,  that  of  wa- 
ter being  1,000,  then  it  will  follow  that  a  cubic  foot  of  mercury,  at 
the  temperature  of  60°,  weighs  13,580  ounces. 
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In  Bome  tables,  however,  the  staDdard  temperature  of  water  has 
been  taken  at  40°,  for  a  reason  which  will  be  hereafter  explained. 

766.  Standard  for  gases.  —  Bodies  which  exist  in  the  seriform 
state  are  so  much  lighter  than  water,  that  a  practical  inconvenience 
would  result  from  taking  water  as  their  stanoard  of  specific  gravity, 
nnce  the  numbers  whicn  would  then  express  their  specific  gravities 
would  be  inconveniently  small.  The  standard  of  specific  gravity, 
therefore,  for  bodies  in  the  gaseous  or  aeriform  state,  is  atmospherio 
air.  This  form  of  matter  being  still  more  susceptible  of  change  in 
volume  from  change  of  temperature,  it  is  the  more  necessary  in  fixing 
the  standard  that  a  certain  temperature  should  be  agreed  upon.  The 
temperature  selected  for  this  purpose  has  been  universally  that  of 
melting  ice,  a  point  which  is  independent  of  the  arbitrary  scales  of 
thermometers  used  in  different  countries. 

But  as  the  weight  of  a  given  bulk  of  air  depends  not  only  on  its 
temperature,  but  also  upon  the  pressure  to  which  it  is  subject,  and 
as  this  pressure  varies  within  certain  limits,  it  becomes  as  necessary 
in  fixing  the  standard  of  specific  gravity  to  assign  a  certain  pressure 
as  a  certain  temperature.  The  pressure  generally  selected  has  been 
that  which  the  atmosphere  has  when  the  barometer  has  the  height  of 
thirty  inches. 

It  is  therefore  to  be  understood  that  the  standard  to  which  the  spe- 
dfic  ^vities  of  all  bodies  in  the  gaseous  form  are  referred  is  atmo- 
spheric air  in  a  pure  state,  at  the  temperature  of  melting  ice,  and  hav- 
ing a  pressure  of  thirty  inches  of  mercury. 

If  it  be  desired  to  determine  the  relative  weight  of  any  body  in 
the  gaseous  form  in  relation  to  water,  it  is  only  necessary  to  determine 
the  weight  of  atmospherio  air  in  the  standard  state  in  reference  to 
water.  Now  it  has  been  ascertained  that  a  quantity  of  atmospheric 
air,  equal  in  volume  to  1000  grains  of  water,  will  weigh  1-22  grains; 
and  consequently,  since  a  cubic  foot  of  water  weighs  1000  ounces,  a 
oabio  foot  of  atmospherio  air  will  weigh  1*22  oz. 


CHAP.  II. 

SPECIFIO  GRAVITY  OF  SOLIDS. 

The  methods  of  determining  the  specific  cravity  of  solid  bodieb 
are  different,  according  as  they  are  heavier  or  lighter  than  equal  vol- 
umes of  water. 

767.  Methods  of  determining  the  specific  gravity  of  solids  which 
are  heavier  than  water.  —  Let  the  solid  be  accurately  weighed,  and 
let  it  then  be  suspended  in  pure  water  and  again  accurately  weighed 
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The  difference  between  the  two  weights  in  water  and  ont  of  water, 
will,  according  to  what  has  been  expUuned,  be  the  weight  of  a  yolame 
of  water  equal  in  bulk  to  the  solid.  Let  the  weight  of  the  solid  be 
divided  bv  this  weight,  and  the  quotient  will  be  the  specifio  gravity 
of  the  solid,  that  of  water  beinff  1*000.  Thus,  for  example,  if  a 
solid  which  weighs  8  ounces,  is  found  to  weigh  only  6  ounces  being 
weighed  in  pure  water,  it  will  follow  that  the  weight  of  the  water 
which  is  dii«placed,  and  which  is  equal  to  its  own  yolume,  will  be  2 
ounces.  Such  a  solid,  therefore,  is  four  times  heavier  than  its  own 
bulk  of  water,  and  consoquentlj  its  specific  gravity  is  4,  that  of  wi- 
ter  being  1. 

In  like  manner,  if  the  weight  out  of  water  has  been  9  ounces,  the 
weight  in  water  being  7,  then  the  specific  gravity  would  be  found  by 
dividing  9  by  2,  and  would  be  4-5. 

This  method  is  not  practicable  for  solids  which  are  dissolved  when 
immersed  in  water.  The  specific  gravities  of  such  solids  may  be 
determined  by  immersing  them  in  some  other  liquid  in  which  they 
arc  not  soluble,  and  determining  their  specific  gravity  with  reference 
to  fiuch  liquid. 

The  specific  gravity  of  this  liquid  being  then  determined  in  rela- 
tion to  water  by  the  methods  which  will  be  explained  hereafter,  the 
specific  grd\ity  of  the  solid  in  relation  to  water  will  be  known.  Thus, 
for  example,  if  the  solid  in  question  be  five  times  heavier  than  the 
li(jui(l  in  which  it  is  immersed,  and  in  which  it  is  not  soluble,  and 
this  liquid  be  itself  twice  as  heavy  as  water,  then  it  is  clear  that  the 
solid  will  be  ten  times  the  weight  of  its  own  bulk  of  water,  and  its 
s|)ecific  gravity  would  accordingly  be  10. 

Such  solids  may,  however,  be  sometimes  measured  in  water  by 
coating  them  witli  a  varnish  not  affected  by  water.  The  specific 
gravities  of  salts  and  like  substances  may  thus  be  found. 

This  method  is  subject  to  a  slight  error,  owing  to  the  increased 
volume  produced  by  the  coating,  and  therefore  is  not  admissible 
where  extreme  accuracy  is  necessary. 

If  the  solid  consists  of  many  minute  pieces,  or  be  in  form  of  a 
powder,  a  cup  to  receive  it  ought  to  be  previously  suspended  in  water 
and  accurately  counterpoised. 

70S.  Mvthods  of  determining  tlie  specific  gravities  of  solids  which 
are  lighter  than  wattr. — Let  the  solid  be  first  correctly  weighed,  and 
then  attached  to  another  solid  also  accurately  weighed,  and  which  is 
so  much  heavier  than  water  that  the  two  solids  connected  may  sink. 
Let  tho  weight  which  tlu^y  lose  by  immersion  be  noticed.  This  will 
be  the  weight  of  as  much  water  as  is  equal  in  bulk  to  the  two  solids 
taken  together.  Let  the  heavier  solid  be  then  immersed,  and  let  the 
weight  it  loses  be  ascertained.  If  this  loss  of  weight  be  subtracted 
from  the  loss  sustained  by  the  combined  solids,  the  remainder  will  bo 
the  weight  of  as  much  water  as  is  equal  in  bulk  to  the  lighter  solid. 
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lie  ratio  of  Uie  weight  of  the  latter  solid  to  this  will  determine  its 
peoifio  gnmty. 

ThoSy  for  example^  let  the  weight  of  the  b'ghter  solid  be  8  onnoes, 
nd  thai  of  the  heavier  solid  15  ounces.  Let  the  weight  which  the 
wo  together  lose  when  submerged  in  water  be  5  ounces,  and  let  the 
reight  which  the  heavier  alone  loses  ^en  immersed  be  1  ounce. 
linoe^  then,  both  together  lose  by  immersion  5  ounces,  and  the 
leavier  alone  loses  by  immersion  1  ounce,  the  weight  of  water  equal 
D  bulk  to  the  combined  volumes  will  be  5  ounces,  while  the  weight 
if  water  equal  in  bulk  to  the  heavier  alone  is  1  ounce. 

The  weight  of  water,  therefore,  which  is  equal  in  bulk  to  the 
igbter,  must  be  4  ounces.  But  the  weight  of  the  lighter  solid  itself 
s  8  ounces;  therefore  it  will  weigh  three  quarters  of  its  own  volume 
if  water ;  and,  consequently,  its  specific  gravity  must  be  |,  or  0*75 ; 
lod,  by  what  has  been  previously  explained,  a  cubic  foot  of  such  a 
idlid  would  weigh  750  ounces. 

The  specific  gravity  of  a  solid  lighter  than  water  may  also  be  de- 
feermined  by  ob^rving  the  magnitude  of  the  part  immersed  when  it 
floats ;  for  when  it  floats,  acoonling  to  what  has  been  proved,  it  dis- 
places as  much  water  as  is  equal  to  its  own  weight ;  consequently, 
the  solid  will  be  just  so  much  lighter,  bulk  for  bulk,  than  water,  as 
the  part  of  its  volume  immersed  when  it  floats  is  less  than  its  entire 
folnme.  If,  therefore,  we  divide  the  part  immersed  by  its  entire 
volume,  we  shall  obtain  a  fraction  which  will  express  its  specific 
pavity. 

Thus,  for  example,  if  a  piece  of  wood  floating  on  water  has  half 
its  volume  immersed,  then  it  follows  that  the  specific  gravity  of  the 
irood  will  be  0-5. 


CHAP.  III. 

SPEOmO  GRAVITY  OF  LIQUIDS. 

769.  Methods  of  determining  the  specific  gravity  of  liquids, — To 
determine  the  specific  gravity  of  a  liquid,  let  any  solid  be  selected 
which  is  heavier,  bulk  for  bulk,  than  the  liquid  and  than  water,  and 
let  the  loss  of  weight  it  sufiers  by  beine  immersed  in  the  one  and  in 
tbe  other  be  ascertained.  This  loss  will  be  the  weight  of  so  much  of 
kbe  liquid  and  of  so  much  water  as  is  equal  to  the  bulk  of  the  solid. 
11^  then,  the  loss  of  weight  sustained  by  the  solid  in  the  liquid  be 
diTided  by  the  loss  of  weight  it  sustains  in  water,  the  quotient  will 
be  the  speeifie  gravity  of  the  liquid. 

For  example,  let  a  piece  of  glass  immersed  in  sulphuric  add  lose  • 
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8,700  gndns  of  its  weight,  and  let  the  same  piece  of  glass  immened 
in  water  lose  2,000  grains.  It  follows,  therefore,  that  the  weight  of 
sulphnrio  acid  will  hd  the  weight  of  an  equal  hulk  of  water  in  tho 
ratio  of  37  to  20,  or  |J=l-85  to  1.  If  1,000,  therefore,  express  the 
specific  gravity  of  water,  1,850  will  express  the  spedfio  gravity  of 
sulphuric  acid. 

The  specific  gravity  of  a  liquid  may  also  be  found  by  means  of  a 
solid  which  is  hghter  bulk  for  bulk  than  the  liquid  and  water.  Let 
such  a  solid  bo  successively  floated  on  the  liquid  and  on  water,  and 
let  the  magnitudes  of  tho  parts  immersed  be  observed.  These  mag- 
nitudes will  bo  the  volumes  of  the  liljuid  and  of  water  which  are  equal 
in  weight  to  the  solid,  and,  consequently,  the  specific  gravity  of  the 
liquid  will  be  found  by  dividing  too  part  of  the  solid  which  is  im- 
mersed when  it  floats  in  water  by  the  part  immersed  when  it  floats  m 
the  liquid. 

For  example,  if,  the  same  solid,  floated  successively  on  water  and 
muriatic  acid,  have  the  parts  immersed  in  the  proportion  of  12  to  10, 
then  the  weight  of  muriatic  acid  will  be  to  the  weight  of  an  equal 
bulk  of  water  as  12  to  10,  and  consequently  the  specific  gravity  of 
muriatic  acid  will  be  1-200,  that  of  water  being  1-000. 

The  specific  gravity  of  liquids  may  also  bo  ascertained  by  provid- 
ing a  floating  body,  which  can  be  loaded  until  a  certain  known  mag 
nituilc  of  it  shall  be  immersed.  A  float  provided  with  a  small  disk 
or  cup  at  its  upper  part,  in  which  known  weights  may  be  placed, 
8(*rvi*s  tliis  purpose.  If  such  a  float  be  placed  successively  on  tlie 
liquid  who.se  s{K^cific  gravity  is  to  be  ascertained,  and  on  water,  and 
be  so  l(KicIed  as  to  have  equal  parts  immersed  in  both,  then  the  two 
wt'iglits  of  tiie  float  will  be  the  weights  of  the  qujiutities  of  the  liquid 
and  of  wator  which  it  displaces. 

Th^?^e  wciglits  will  therefore  be  in  the  proportion  of  the  specific  gra- 
vities; and  the  specific  gnivity  of  tho  liquid  maybe  n.sccrtaincd  by 
dividing  the  weight  of  the  float  in  the  liquid  by  the  weight  of  the  float 
in  the  watrr. 

Thu<,  for  example,  if  the  weight  of  float,  when  immersed  in  water, 
be  *2,000  f^rains,  while  its  weight,  when  immersed  in  sulphuric  acid, 
is  8,700  grains,  the  immersion  being  the  same,  then  the  specific  gra- 
vity will  be  ascertained  by  dividing  3,700  by  2,000,  which  will  give 
as  the  result  1-850. 

The  most  direct  method,  however,  of  determining  the  specific  gra- 
vity of  a  liquid  is  to  provide  a  vessel  of  known  capacity,  such  as  a 
cubic  inch,  for  example,  and  of  known  weight.  Let  such  a  vessel  be 
filled  with  pure  water,  and  weighed ;  and  then  filled  with  the  liquid 
whose  specific  gravity  is  to  bo  ascertained,  and  weighed.  If  the 
weight  of  the  empty  vessel  be  subtracti^d,  in  each  case  the  remainder 
will  be  the  weight  of  the  contents,  and  the  comparison  of  these 
,  weights  will  give,  as  already  explained,  the  specific  gravity. 
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CHAP.   IV. 
BPECIFIO  GRAVITY  Or  GASES. 

770.  Methods  of  determining  the  specific  gravity  of  gases.  —  The 
specific  gravity  of  gases  is  determined,  as  has  been  already  explained, 
by  comparing  their  weights  with  the  weight  of  an  equal  volume  of 
pore  atmospheric  air  at  a  given  temperature  and  pressure.  A  flask 
of  known  capacity  is  first  exhausted  by  means  of  the  air-pump,  and 
then  weighed.  This  flask  is  then  filled  with  the  gis  whose  specific 
gnyity  is  to  be  ascertained,  and  again  weighed.  The  difference  be- 
tween the  weights  in  the  two  cases  will  be  the  weight  of  so  much  of 
the  gas  as  fills  the  flask.  The  weight  of  atmospheric  air  itself  can  be 
simiUrly  ascertained,  and  if  the  weight  of  the  gas  be  divided  by  the 
weight  of  the  same  volume  of  atmospheric  air,  the  quotient  will  ex- 
press the  specific  gravity  of  the  gas  in  relation  to  atmospheric  air. 

It  most  be  observed  that  in  such  an  experiment  the  gas  must  be 
taken  at  known  presmires  and  temperatures,  since  the  specific  gravi- 
ties of  gises,  firom  their  susceptibility  of  change  of  density  by  temper^ 
atore  and  pressure,  are  much  more  liable  to  vary  than  those  of  solids. 
The  specific  gravity,  therefore,  of  gases  in  general,  is  determined  at 
the  standard  temperature  of  melting  ice,  and  under  the  standard  pres- 
sure of  30  inches  of  mercury. 


CHAP.  V. 

JN8TRUBIENTS  FOR  DSTEBMININO  SPEGIFIO  QRAYITT. 

Thx  instraments  for  determining  specific  ^vity  are  the  hydrostatic 
balance,  a  flask  or  measure  of  known  capacity,  and  various  forms  of 
floatiog  instruments  called  hydrometers. 

771.  The  hydrostatic  balance.  —  This  instrument  consists  of  an 
ordinaiT  baUnce,  as  represented  in^.  224.,  so  mounted  as  to  supply 
convenient  means  of  weighing  bodies  in  and  out  of  liquids.  The 
beam  and  scales  abc  dtse  si4)portcd  above  a  stage  G  h,  below  which 
▼essels  X  T  to  receive  the  liquid  are  placed.  The  solids  are  first  placed 
in  the  scales,  and  weighed.  They  are  then  attached  to  hooks  connected 
with  the  bottoms  of  the  scales,  and  weighed  in  the  liquids,  so  that 
the  losses  of  the  weight  in  the  liquid  can  bo  determined. 

Glass  fiask.  —  A  glass  flask,  with  an  accurately  ground  glass  stop- 
per, serves  the  purpose  of  a  measure  for  the  determination  of  speoifio 
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myities.  The  quantitj  of  liauid  which  it  coptoina,  when  eisdh 
fiQed,  b  easily  asoerUiDed;  and  where  eztzeme  aoouacy  is  leqiuTed, 
the  flaak  must  be  reduced  to  a  standard  tempeimtore. 


Fig.  224. 


Fig.  225. 


772.  Hydrometers.  —  Various  tonus  of  instruments  thus  desig- 
nated have  been  invcuted  for  ascertaining  the  specific  gravity  of  liquids 
for  the  common  purposes  of  commerce.  Their  indications  depend 
upon  the  fact  that  a  body,  when  it  floats  in  a  liquid,  displaces  a  quan- 
tity of  liquid  equal  to  its  own  weight  The  accuracy  of  these  indi- 
cations depends  upon  giving  them  such  a  shape  that  the  part  of  them 
which  meets  the  surface  of  the  liquid  in  which  they  float  is  a  narrow 

tern,  of  which  even  a  considerable  length  displaces  but  a  very  small 
veight  of  the  liquid.  Thus,  any  error  in  observing  the  immersion 
produces  but  a  slight  effect  upon  the  result 

773.  Sykeis  hydrometer.  —  This  instrument  is  represented  in  ji^. 
225.  It  consists  of  a  brass  ball  G,  the  diameter  of  which  is  1*6  inch, 
into  which  a  conical  stem  c  D,  terminating  in  a  pear-shaped  bulb,  ia 
inserted,  and  which  is  so  loaded  that,  being  heavier  than  the  rest  of 
the  instrument,  the  graduated  stem  B  A  will  always  remain  upper- 
most and  vertical.  The  instrument  is  provided  with  sliding  weights 
W|  which  will  cause  it  to  sink  more  or  less  in  the  liquid.    In  umnc 

384 


INSTRUMENTS  FOR  DETERMINING  SPEC.  GRAV.      108 

Uie  instrnment  to  ftfloertain  the  specifio  graTity  of  spirits,  it  is  first 
planged  in  the  liqaid,  so  as  to  be  iretted  to  the  highest  degree  on  the 
setle,  and  is  then  allowed  to  rise  and  settle  in  eqnilibnnm.  The 
degree  npon  the  scale  at  the  surface  of  the  liquid  indicates  the  mag- 
nitade  immersed,  and  by  the  aid  of  tables  aud  a  thermometer,  by 
which  the  temperature  of  the  spirits  is  observed,  the  specific  gravity 
is  computed. 

774.  ^chols<m*s  hydrometer.  —  This  instrument  i 
represented  in^^.  226.,  and  is  similar  in  principle  to  the 
last,  but  is  provided  with  a  dish  A  B,  which  is  loaded 
until  the  instrument  is  made  to  sink  to  a  standard  point, 
marked  about  the  middle  of  the  stem  at  Y.  The  instru- 
ment is  so  constructed  that  the  weight  of  a  quantity  of 
distilled  water  at  60^,  equal  in  volume  to  the  part  of  the 
instrument  below  the  standard  point,  will  be  equal  to  the 
weight  of  the  instrument,  together  with  1000  trains. 

To  find  the  specific  gravity  of  any  other  liquid,  let  the 
instrument  float  upon  it,  and  let  weights  be  put  in  the 
dish  A  B  until  the  standard  mark  on  the  stem  is  brought 
Fig.  226.  to  the  sur&oe  of  the  liquid.  The  weight  of  the  instrn- 
ment, together  with  the  weight  in  the  dish,  will  then  ex- 
press the  weight  c^  the  liquid  which  the  instrument  displaces.  Thus 
the  weight  of  eqnal  bulks  of  the  liquid  and  distilled  water  at  the  tem- 
perature of  60**  will  be  ascertained,  and  the  specific  gravity  of  the 
liquid  mi^  be  thence  inferred. 

775.  Specific  gravity  indicates  other  importatU  qualities,  —  The 
power  of  determining  the  specific  gravity  of  bodies  often  supplies  the 
means  of  detecting  other  Qualities,  and  sometimes  of  indicating  their 
component  parts,  when  they  are  formed  of  diflercnt  constituents. 
ThoB  sprits,  used  in  commerce  and  domestic  economy,  are  a  mixtiir» 
of  pore  alcohol  with  other  bodies,  of  which  water  is  the  principal. 
The  Tslne,  therefwe,  of  the  liquid  depends  upon  the  proportion  of  pure 
■loohol  which  it  contains,  and  this  portion  is  indicated  by  its  spedfio 
craTity.  In  like  manner,  the  precious  metals,  whether  applied  to  uso- 
nil  or  ornamental  purposes,  are  generally  alloyed  with  others  of  a 
baser  spedes,  the  presenoe  and  quantity  of  which  would  be  determined 
by  their  specific  gravities. 

The  first  attempt  to  apply  the  buoyancy  of  solids  to  the  detection 
of  their  component  parts,  is  attributed  to  Archimedes.  It  is  related. 
that  Hiero,  king  of  Syracuse,  having  bought  a  crown  of  gold,  demrcdV 
to  know  whether  the  article  were  of  pure  metal;  and  as  the  work- 
manship was  Gosdy,  he  desired  to  accomplish  this  without  defiunnff  it 
The  problem  was  referred  to  Archimedes.  The  philosopher,  while 
meditating  on  the  solution  of  it,  was  bathing.  He  refiected  on  the 
buoyancy  of  his  own  body  in  the  water,  and  then  reasoned  npon  the 
general  eflects  produced  on  the  weights  of  solids  by  immersion.  The 
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Irbolo  tnun  of  reasoning,  which  has  been  developed  in  the  preoedinp 
ehaptGTB,  passed  through  his  mind.  He  perceived  that  by  asoertun* 
ing  the  degree  of  baojancy  which  the  crown  would  ezhiUt  when  im- 
merscd  in  water,  he  could  ascertain  if  it  were  pnxe  gold.  It  was  od 
this  occasion  that  he  mshed  forth  in  a  transport  of  joy,  ezdaimiDg 
"Eureka!  Eureka l" 


CHAP.  VL 

TABLES  OF  SPECIFIC  ORAYITT. 

776.  Standards  adopted  in  different  tables,  —  Various  inyestiga* 
lions  have  been  made  in  different  countricS|  and  by  different  experi- 
mental enquirers,  with  a  view  to  determine  and  record  with  preci»on 
the  specific  gravities  of  bodies.  The  standard  substances  invariably 
adopted,  have  been  water  for  solids  and  liquids,  and  atmospheric  air 
for  gases.  But  these  standards  have  differed  one  from  another  in 
some  particulars.  Thus,  some  tables  of  specific  gravities  have  been 
calculated  with  reference  to  the  specific  gravity  of  water  at  the  tem- 
perature of  melting  ice ;  some  at  the  temperature  which  determines 
the  ninximnm  density;  a  condition  which  will  be  explained  here- 
after. This  latter  touipcrnturc  is  taken  at  4^  of  the  centigrade  tbcr- 
mometor,  which  is  equal  to  3U-2°  of  Fahrenheit's  thermometer.  The 
standard  temperature  has  been  in  some  cases  taken  at  62^  Fahrenheit 

Similar  varieties  have  prevailed  with  respect  to  the  standard  tem- 
perature of  atmospheric  air,  in  which  however,  also,  a  standard  pres- 
sure must  be  adopted.  In  some  experiments,  the  standard  adopted 
has  been  pure  dry  air,  at  the  temperature  of  G0°,  the  barometer  stand- 
ing at  80  inches. 

Whatever  be  the  standard  adopted  in  the  one  or  the  other  class  of 
specific  gravities,  such  tables  can  be  rendered  the  means  of  determin- 
ing, not  only  the  absolute  weights  of  given  volumes,  but  the  absolute 
volumes  of  given  weights  of  the  bodies  registered  in  them,  provided 
that  the  absolute  weight  of  a  given  volume  of  the  standard,  whatever 
it  be,  be  known. 

It  is  therefore  important  to  indicate  the  weights  of  these  standards. 

777.  IVcighi  of  a  cubic  inch  of  water  under  standard  conditions. 
—  It  has  Ix'cn  ascertained  that  one  cubic  inch  of  water  at  the  tem- 
perature of  G2^,  weighs  252  458  grains.  It  follows  from  this,  that  a 
cubic  foot  of  water  under  these  conditions  will  weigh  997-125  ounces. 

It  appears  from  the  experiments  of  Despretx,  that  between  the  tem- 
perature of  greatest  density  and  62^,  the  specific  gravity  of  water  dif- 
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fere  only  by  one  part  in  a  thousand ;  and,  consequently,  the  weight  of 
I  cubic  foot  of  water  at  39-2''  would  be  998*125  ounces. 

For  purposes,  therefore,  where  the  most  extreme  accuracy  is  not 
necessary,  it  may  be  assumed,  as  a  convenient  standard  of  calculation, 
that  a  cubic  foot  of  water  weighs  1000  ounces. 

It  has-been  ascertained  by  recent  experiments,  that  dry  atmospheric 
lir  at  32^  temperature,  the  barometer  standing  at  30  inches,  is  773*28 
times  lighter  than  water. 

778.  Weight  of  a  cubic  foot  of  air  under  standard  conditions.  -- 
We  shall  find,  therefore,  the  weigtit  of  a  cubic  foot  of  air  at  this  tem- 
perature and  pressure,  by  dividing  the  number  of  ounces  in  a  cubic 
foot  of  water  by  773-28.  It  consequently  follows,  that  a  cubic  foot 
of  ur  at  this  temperature  and  pressure  will  weigh  1*291  ounces,  or 
554-8  grains. 

Since  the  weight  of  a  cubic  foot  of  water  is  1000  ounces,  it  follows 
that  if  the  specific  gravity  of  water  be  expressed  by  1000,  the  num- 
bers which  express  the  specific  gravities  of  all  other  liquids  and  solids, 
will  alto  express  the  number  of  ounces  contained  in  a  cubic  foot  of 
their  dimensions.  Thus,  the  specific  gravity  of  gold  being  19,360,  it 
follows  that  a  cubic  foot  of  gola  will  weigh  19,3b0  ounces. 

Bt  the  tables  of  specific  gravities,  3ie  Tolume  of  any  proposed 
vngfat  of  a  body  can  be  readily  calculated,  for  it  is  only  necessary  to 
div^  the  number  expressing  the  weight  in  ounces  by  the  number 
axpressing  the  specific  gravity,  omitting  the  decimal  point ;  the  quo- 
tint  will  express  the  number  of  cubic  feet  in  the  volume.  Thus,  for 
enmple,  if  it  be  desired  to  ascertain  the  bulk  of  a  ton  weight  of  gold, 
it  is  only  neoessary  to  reduce  the  ton  weight  to  ounces,  and  to  divide 
Cbe  number  of  ounces  by  19,360,  and  the  quotient  will  be  the  num- 
kr  of  cable  feet  in  the  ton  weight. 

These  methods  of  calculation  will  be  applicable  to  all  tables  of 
ipecific  ffravities,  composed  with  reference  to  water  as  a  standard. 

If  it  be  desired  to  find  the  absolute  weight  of  a  cubic  foot  of  any 
of  the  gases  or  vapours,  whose  specific  gravities  are  referred  to  atuio- 
spheric  air  as  a  standard,  it  is  only  necessary  to  multiply  the  number 
expressing  their  specific  gravity  by  554-8 ;  the  result  will  express  in 
gninfl  the  weight  of  a  cubic  foot  of  the  gas  or  vapour. 

If  it  be  desired  to  find  the  volume  of  any  gas  or  vapour  which 
shall  have  a  given  weight,  let  the  weight  of  a  cubic  foot  be  first 
aaoertained  by  the  preceding  rule,  and  let  this  weight  be  then  divided 
iDto  the  proposed  weighty  the  quotient  will  be  the  volume  in  cubic 
feet 

The  following  tables  of  specific  gravities,  taken  from  the  Annuairo 
of  the  French  Board  of  Longitude  for  1850,  contain  the  most  exten- 
live,  recent,  and  correct  results  of  experiments  on  the  specific  gravities 
of  bodies. 

aft! 
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TABLE  I. 


779.  SPEano  Oeavities  of  Oases  at  82"*  Fahr.;  Barom. 

80  IXCHES 


Air 

Oxygen. 

Hydrogen , 

carboretted,  of  the  manhee 

Methyle 

Hydrogen,   bic&rburetted    (ole- 

fiant  gas) 

bicurburetted,  of  Faraday 

phosphorctteJ 

arsoniurettcd 

Chlorine 

Oxide  of  chlorine,  or  hypochlorlo 

acid 

Kypochlorous  acid  of  Balard 

Nitrogen 

Protoxide  of  nitrogen 

Deutoxide  of  nitrogen 

Cy.ino;ieu 

Chloride  of  cyanogen 

Ammonia 

Carbonic  oxide 

Carbonio  acid 

Chloro-carbonio  acid 

Snlphuroas  acid 

Add,  chlorohydric 

-*^  bromohydric 

'—  iodohydric 

SQlphohydric 

'—  aelenohydric 

->—  tellurohydrio 

—  flaoborado 

flnoailicio 

diloroboracic 

iffMMiivirate  of  methyle 

rate  of    do 

mot       do 


Spedfle 
OrmTitybj 
OlMrratloo. 


1000 
1106 
00G91 
0-655 


0-596 
0-957 
1-529 

2-284 
1-247 

4-443 
1-191 


2-871 
8-573 
8-420 
1-GI7 
1-731 
1-186 


Bpedflo 
GrmTltybj 


0-559 
0-490 


0-978 

0-980 

1-920 

1-960 

1-214 

1-193 

2-695 

2-695 

2-470 

— 

_ 

2-340 



2-980 

0-972 



1-520 

1-525 

1-0388 

1.036( 

1-806 

1-818 

2116 
0-591 


8-399 

1-260 
2.731 
4-850 

2-795 
4-490 


1-601 
1-737 
1-170 


Ihunas,  Bonaaia^ 

Id.  Id. 

Thomson. 


Th.  de  Sanasart. 

Faraday. 

Ihimos. 

Id. 
Qay  Lussae,  Thea. 


Damas,  Bousing. 
Colin. 
Berard. 
Gay  Lnasae. 

Id. 
Biot,  Arago. 
Croikshank. 
Dumas,  Boussing. 

Thenard. 
Biot,  Arago. 

Gay  Lussae. 
Gay  Lussae,  Then. 
Bineau. 

Id. 
John  Dary. 

Id. 
Dumas. 
Dumas,  Peligot 

Id.  id. 

Id.  Id. 
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TABLE  II. 

IPECiFio  Gravities  of  Vapours  reduced  bt  caloulation 
TO  82^  Fahr.  ;  and  Barometse  80  inches. 


L0« 

i , 

fer _ 

10 *4,,***,,. 

^ 

ftrsCDiouA., .„,,«,.« 

BLohviJroiu  flulpburic 

A«1emoufl.........  .„,„,,..„, 

bypo-nitrouH  .„.♦,„„,.  „„, 
Nitric  quadribjdrAUd ««, , 

r  cMoTid«  of  sulphur 

Itu  of  do 

cMoriile  of  phoephorne..,. 
ido  of  ArsE^Dic.,., ,.....„.,„ 

t  of  ar««ji;c^, ,.,,..,. ......... 

sblorido  of  mercury* ...*,.* 

iride  of  mercury. 

twwHiide  of  meroury........ 

hromjdA  of  mercuiy. 

xlido  of  meT<;ory„*4,4..,»,. 
unt  of  mercury  (cionft- 

ftb1ond«  of  ftntimonj. 

Bhlorid«  of  bismuth 

kbloHdeof  chromyiia.... 

rndc  of  tin.. 

chlori  d  e  of  cy^nogisn  ♦ . . , . 

(d«  oFcyuiaeen 

Jde  of  Ailieon. ,.....»»» „.  »»* 

h^ 

n  of  turpontitio^.—,..... 

ae  or  bettiol. ,,-, 

Jimliiif? -....., ...<<^ 

ur  des  Koliaikdiiia.*......., 

uret  of  G«rboii 

ol 

H 

oxaIio  *. 
Miioio 

88* 


«pH^C 

BpMflc 

OnvUr  hj 

Ormvlry  \y 

OburrvnL 

DlwrrKtiDii. 

C^culftlion. 

1^000 

6-640 

6  300 

MitHcberVich, 

e-716 

8-700 

Dumna* 

6*617 

6650 

Id, 

4-420 

4320 

Id. 

lO'GOO 

30-800 

MitMbcrli<jlL 

6-978 

6*970 

Dumaa* 

13^850 

13.300 

^litacbeirlioh. 

B^OOO 

2*760 

Id. 

4030 

Id. 

1-720 



Id, 

1-270 

__ 

Bineau. 

4-700 

4-660 

Dumw, 

S-700 

Id. 

4-870 

4*790 

Id. 

6-300 

6*260 

Id. 

IC'IOO 

15040 

MiUcberUcb. 

e*s6o 

8-200 

Id, 

&-ft00 

9*420 

Id. 

10  HO 

0670 

Id. 

12*160 

12*870 

Id, 

15-000 

16*680 

Id. 

6*500 

5*400 

Id. 

7-800 



Id, 

11*100 

10-900 

Jacquelun. 

f5-520,i 

'6  900; 

0-109 

6.600 

Dineau,  Walter. 

8*990 

Dumaa. 

6'390 

^^ 

Binea^u- 

3*010 

— 

Id. 

6-939 

6-969 

Dumaa. 

6468 

5,3)4 

Id, 

4763 

4-706 

Id. 

2-770 

2*730 

MItacb«rtlch. 

4*528 

4-493 

Dumna. 

8-443 

8460 

a*Y  LUBMfl. 

2044 

.» 

Id. 

16l3Ji 

1*6010 

Id 

B6860 

2-6830 

Id. 

a'067 

8.066 

I)iiDU4,  Boallftj. 

606T 

6081 

Id.           Id. 

6-lOS 

6*240 

Id.           Id. 
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Kan 


Wood-spirit 

Sulphate  of  metkyle 

Acetate  of  do 

Potato  oil 

Acetone 

Mercaptau 

Aldehyde 

Essence  of  bitter  almonds., 

Hydruret  of  salicyle 

Essence  of  cinnamon , 

of  cumin 

Acid,  acetic 

bcnioic 

Talerianic 

cyanhydrie  (Prussic) 

Kakodyle 

Oxide  of  kakodyle 

Cyanuret  of  kakodyle 

Chloride  of  kakodyle 

Water 


Bpeelfle 

Spedllo 

OrmTitj  hf 

OnTity  by 

OkMrnOloo. 

Calenlatkm. 

1120 

1110 

4-565 

4-870 

2-5G8 

2-570 

8147 

8-070 

2019 

2-020 

2-826 

2160 

1-582 

1-580 

_ 

8-708 

4-270 

4-260 

_ 

4-620 

5-200 

5-100 

2-770 

2-780 

4-270 

4-260 

8-680 

8-550 

0-947 

0-986 

7100 

7-280 

7-560 

7-880 

4-630 

4-540 

4-560 

4-800 

0-6285 

0-6240 

Dumas,  Peligot 

Id.         Id. 

Id.         Id. 
Dumas. 

Id. 
Bunsen. 
Liebig. 

Wohler,  Liebig. 
Piria. 

Dumas,  Peligot 
Gerb.  Cahosn. 
Dumas. 

Id. 
Dumas,  Stas. 
Gaj  Lussae. 
Bunsen. 

Id. 

Id. 

Id. 
Gay  Lussao. 


TABLE   HI. 
781.  Specific  Gravity  op  Liquids  at  89-2**  Fahb. 


Namfl.  Sp.  OntT. 

Water,  distilled 1000 

Bromine 2-966 

Mercury  at  32° 13-506 

Acid,  sulphuric,  most  concen- 
trated    1-841 

hyposulphuric 1-347 

fuming  nitric 1-451 

quaJrihyd.  nitric 1  -420 

nitric  of  commerce 1-220 

byponitric 1-451 

concentrated   liquid    hy- 
drochloric   1-208 

acetic -Jionohydrate 1-068 

acetic,  greatest  density..  1-079 

oleic -898 

cy a. ihydric  (Prussic) -096 

Sulphurct  of  carbon 1-263 

Protochloride  of  sulphur 1-680 

Alcohol,  absolute -792 

po.,  greatest  density  (hyd.  de 

Budberg) -927 


Name.  Bp.  Ont- 

Ether -715 

hydrochloric -874 

acetic -868 

Wood-spirit '798 

Potato  oil -818 

Acetone..*. -792 

Mcrcaptan -840 

Essence  of  turpentine -869 

citron -847 

Aldehyde -790 

Essence  of  bitjter  almonds 1-043 

Oil  of  spirsoa 1-178 

Essence  of  cumin -969 

of  cinnamon 1-010 

Sea-water 1-026 

Milk 1-030 

Wine,  Bprileauz -994 

. Burgundy •991 

Olive  oil -915 

Naphtha , -847 
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TABLE  IV. 
a.  Smcifio  Gravity  of  Solids  at  89-2®  Fahb. 
783.  Simple  Bodies. 


Names. 

Spedflo 
GraTitjr. 

ObMrT«n. 

4-948 

2086 

4-800 

1-770 

6-670 

8-680 

8-600 

2-600 

•866 

•972 

8-010 

7-788 

7-200 

7-810 

7-190 

8-690 

7-291 

7-812 

8-279 

8-666 

8-600 

17-600 

6-900 

6-720 

6-300 

6-240 

9-000 

9-822 

11-860 

8-860 

8-960 

18-698 

10000? 

18-680 

11-800 

11-800 

11000  T 

10-470 

19-860 

19-260 

21-680 

22-060 

21-800 

23  to  26 

Gaj  Lnssac. 
Leroyer,  Dnmaa. 

Herapath. 

Gajr  Lussao,  Then 
Id.         Id. 

Fr^res  d'Eehnjart 
Buoholi. 

Children. 

Hare. 
Breithanpt 

f  

m , 

onu  

Diamonds • 

.  Graphite  

leae  

St 

lOt  hammerod 

im,  hammered  .t.....tT.Tr-TtrTr-"T-- 

east 

east 

nred 

ienom 

Bn 

Tun  ••....... 

BV 

"J • • 

m 

nfci ,. 

in 

h 

iast 

,  cast 

illed  or  forired 

y  at  82® 

B  

1  (east  bT  electric  batterv^ 

mn  ,, 

»lled 

m , , 

east 

orged 

tst...  .••••.  •.•••...*  •••••••«.••.••.••••.*• 

tin 

illed 

I  (ftised) 

miAwt) 
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784.  Binary  Compmmds. 


{Quarti  hjalin. 
Agate c. 
Opal  (sil.  hyd.) 
hjdrated  boracio  (saasoliiie) 

lame 

Chloride  of  calcium 

Fluoride  of  calcium  (fluor  spar), 

Chloride  of  barium..... 

Chloride  of  potassium 

Iodide  of  potassium..., 

Chloride  of  sodium.... 

HTdroohlorate  of  ammonia  (sal.  ammon.) 

{Corundum, sapphire,  and  ori- 
ental rubj 
Emery 

Acid,  arsenious 

Protoxide  of  antimony 

Sulphuret  of  antimony 

Oxide  of  siWer 

Sulphuret  of  silver 

Chloride  of  silver  (cast) 

Iodide  of  silver  (cast) 

Deutoxidc  of  mercury 

Protochloride  of  mercury 

Bichloride  of  mercury 

I>eutiodidc  of  mercury 

Protiodide  of  mercury 

Bisulphurct  of  mercury 

Oxide  of  bismuth 

Sulphuret  of  bismuth 

Sulphuret  of  molybdenum 

Acid,  tunpstic 

Pn^toxide  of  copper 

Deutoxide  of  copper 

Protosulphuret  of  copper 

Deutoxide  of  tin 

Protosulphuret  of  tin 

Bisulphuret  of  tin 

Protoxide  of  lead  (cost) , 

Peroxide  of  load 

Io«lido  of  load 

Soloniurot  of  lead 

Sulphuret  of  lead  (Galena)  

Oxido  of  xine 

Suljihurot  of  sine  (blende) 


4160 
8-900 
8-700 
6-778 
4-334 
7-250 
7-200 
6-548 
5-614 
11-000 
7140 
6-420 
6-320 
7-750 
8-124 
8-908 
6-540 
4-600 
6000 
6-300 
6180 
5-690 
6-700 
6-267 
4-415 
9-500 
9-200 
6100 
7-690 
7-580 
5-600 
4-160 


jka*  g*'ucrally  bten  taken. 
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n^ 

Bpcdile 
Oraritj. 

OlMtfTtn. 

d%  of  iron.. 

ttie  oxide  of  iron..*.* t*..-* 

6-226 
5-400 

5000 
4-840 
4-620 
4-480 
4-810 
4-722 
8-950 
4-250 

BonlliiT. 
Id. 

M. 
M. 
M. 

Bonllaj. 

M. 

M. 

M. 

M. 

'  Bisulphuret  of  iron 

"^<"»~-id.(isiiite 

[Magnetic  pyrites 

ioxide  of  manranese.. .......  r..... .... 

¥id^  of  nanvan^ise........ ......•• 

iAm  nf  tifAninm  ^ratilinA^ 

785.  Simple 

Salts. 

IXwmm. 

Spedfle 
Gravity. 

ObMTTfn. 

*i'      \  Iceland  fpoar .......... 

2-728 
2-946 
2-880 
8-850 
8-550 
4-500 
4-800 
8-650 
6-780 
4-700 
8-950 
6-800 
6-840 
2-900 
2-880 
2-400 
2-680 
2-700 
6-600 
1-980 
8-185 
2-890 
4-400 
6-700 
8-000 
6000 
8-700 
4-700 
4-400 
2-500 

Mains. 

Thenard. 

M. 

M. 

M. 

M. 

M. 

M. 

M. 

M. 

M. 

M. 

Kanten. 

M. 

M. 

M. 

Karsten. 

Kopp. 

M. 

Kanten. 

Id. 

Id. 
Gmelin. 

Id. 
Kanten. 
M. 
M. 
M. 
M. 

Mte  of  UmeM'^J^  ;;;•••;;;; 

mate  of  magnesia  (giobertite) 

mate  of  iron  (iron  spar) 

Mit.tA  nf  manranese......... ............ 

mate  of  sino 

mate  of  baryta. 

mate  of  strontia 

mate  of  lead  (white  lead) 

mte  of  baryta  (heary  spar) 

late  of  strontia  ^eelestinif^ 

late  of  lead 

late  of  siWer 

,   .        -„       i  AnbTdrite 

hmtea  of  Um.  • ;  q„J2S  .! 

1    '*«^1'"»»»—  •••••• 

date  of  potassa , 

rdrous  sulphate  of  soda 

Bfit^  of  potassa 

mate  of  fead  TnatiTe^ 

kte  of  potassa  

kte  of  baryta 

tte  of  strontia 

kte  of  lead 

rbdate  of  lead 

(State  of  lead 

{State  of  lime 

ainate  of  magnesia  (Spinelli) 

ainate  of  tine  (spineL  tine.) 

ja  Af  iBA^nMiA  ^Boraoite^ 
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786.   Compound  Mmerols. 


Emerald ... 

Oarnet 

Mesotjpa., 
IdoeraM... 


Epidote. 


Triphane 

Chabasite 

Amphigene 

{Orthose 
Albite 

Stilbite 

Tourmaline 

Axinite 

Lazulite 

llvait(Iievrite) 

Calamine 

Crjsocale 

Peridot 

Serpentine , 

Steatite 

Magnesite  (dcume  de  mer) . 

n  S  Diopflide 

^^"'"'"'JneJcnbergiU... 
Iljperstene 

Dolomite 

Malachite 

Streaked  copper 

Copper  pyritea 

Red  silver 

Uournonitc 


Grej  copper . 


Giej  nickel 

Grey  cobalt 

ArHcnical  iron  (mispikel). 
Alunite 


GnTttj. 


2-700 

M. 

8*860 

M. 

to 

4*240 

M. 

2-260 

M. 

8-000 

M. 

to 

8-400 

M. 

8-800 

M. 

to 

8-400 

BL 

8-190 

M. 

2-700 

M. 

2-460 

M. 

2-400 

M. 

to 

2-600 

M. 

2-160 

M. 

8-400 

Bl. 

8-210 

M. 

2-900 

M. 

4000 

M. 

8-400 

M. 

2160 

M. 

8-400 

M. 

2-470 

M. 

2-800 

M. 

2-600 

M. 

8-800 

M. 

8-160 

M. 

8-880 

M. 

8000 

M. 

2-800 

M. 

2-800 

M. 

3-600 

M. 

6-000 

M. 

4160 

M. 

6-800 

M. 

6-700 

M. 

4-300 

M. 

to 

6-000 

M. 

6100 

M. 

6-290 

M. 

6120 

M. 

2-690 

M. 
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QrvTitj. 


Obaerren. 


Alum 

Mvriated  lead  (kerftdne) 

AUkamite  (moriated  copper) 

Ciyolite 

Topai  

TcUure  861eni6  bismutfaefbre 

TeUure  auro-plombif^re 

Appatite  (chloro-phospbated  lime) 

Pyro-morphite  (chloro-phosphated  lead) 

Blue  phosphated  iron .1 

Cnnite  

Mercure  argental 

Sphene 

Wolfram ; 


1-700 
6-000 
4-480 
2-900 
8-500 
7-800 
9-220 
8-260 
7010 
2-660 
8100 
14-100 
8-600 
7-300 


M. 
M. 
M. 
M. 
M. 
M. 
M. 
M. 
M. 
M. 
M. 
M. 
M. 
M. 


787.   Various  Substances. 


OrapbiU  (tbe  most  dense) 

Bitnminoos  coal 

Anthracite  

Compact  coal 

Charcoal  in  powder 

Walnut 

White  oak,  cfaestnat.... 

American  ash 

Beech  

Horn-beam  

WUd  apple 

Sassafras  

Virginian  cherry-tree.. 

American  elm 

Virginian  cedar  

Tellowpine  

Birch 

American  chestnnt 

.Italian  poplar....- 


Chareoal 
in  pieces,^ 


ligBMus  fibre . 


2-500 
1-260 
1-800 
1-880 
1-600 

•625 

•421 

-647 

•518 

•465 

•466 

•427 

•411 

•867 

•288 

•838 

•864 

•279 

•246 
1-4601 

to      \ 
1-580  J 


k2 


M. 

M. 

M. 

M. 

Rumfort. 

Marcus  Bull. 

Id. 

Id. 

Id. 

Id. 

Id. 

Id. 

Id. 

Id. 

Id. 

Id. 

Id. 

Id. 

Id. 

Rnmford. 
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Woodf... 


'Pomegnnato-trM 

Lignum  tIUb,  eboDj 

Dutch  box 

Heart  of  oak  of  60  jean  old 

Medlar  

OliTe 

French  box 

Spanish  mulberry 

Beech , 

Ash 

Yew 

Elm 

Apple-tree 

Orange-tree  

Yellow  fir 

Lime 

Cypress  

Cedar 

White  Spanish  poplar 

Sassafras 

Common  poplar 

t  Cork-tree  

Yellow  amber  

Oriental  ruby  

Oriental  sapphire 

Brazilian  sapphire  

Oriental  topaz  

Saxon  topaz  

Oriental  beryl 

English  fiint-glass 

Glass  of  St.  Gobain  

Jasper,  onyx 

Pearls 

Coral 

Chinese  porcelain 

Porcelain  clay  

Porcelain  of  S^Tres. 

Silex  meuli^re < 

Flint 


Porphyry  . 


Granite . 


Slate 

Plaister  stone  . 


1-860 

1-880 

1*820 

1170 

•940 

•920 

•910 

•890 

•862 

•846 

•807 

•800 

•788 

•706 

•667 

•604 

•698 

•661 

•629 

•482 

•888 

•240 

1^080 

4-280 

8-990 

8180 

4000 

8-660 

8-640 

8-830 

2-880 

2-800 

2-760 

2-680 

2-880 

2-210 

2-810 

2-480 

2-600 

2-670 

to 
2-760 
2-660 

to 

2-760 

r  2-810 

to 

2-860 

2-200 


BriMOB. 

Id. 
Id. 
Id. 
Id. 
Id. 
Id. 
Id. 
Id. 
Id. 
Id. 
Id. 
Id. 
Id. 
Id. 
Id. 
Id. 
Id. 
Id. 
•id. 
Id. 
Id. 
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n^ 

1 

OtMVTTVA. 

ttBUJtlM.**^**.^^ 

.PkTun 

f   2  660 

I    2760 
2830 

2-720 

f   1-700 

to 

I    1-900 

f   2  260 

to 

{   2  460 

f  2  460 

to 

I  2  860 

2^300 

2-320 

2-700 

8300 

7.180 

8-050 

B-460 

9,560 

6.480 

0-865 

1     »   ■AlBU»».k.^«i»****4***t* 

iff  ffton^i  ltnF4. .irttrrtr t 

]QS ♦„,,*,,»*♦»»♦»» .>> 

tian^  ...<« ,...^,. .,.*>,..,.., 

Air  ■tAtufiA  knd  tADi  tftiO.  *ti*ri»i*** 

^ 

n^  polder * ». 

i^Ttiterf&ff  116  ...*  4*  .*•<■•  1  ■«■»«■>»««  • 

avr 


BOOK  THE  SEVENTH. 

THEOKT  or  HKDULATIOH, 


CHAPTER  L 
imKtnoHAAT  r&niciFLza  and  DunBorroirs* 


A  TA8T  man  of  disqDr^ries  prodaced  bj  tbe  kbour  of  tnodeni  eo^ 
^Hirers  in  sevenJ  brvic)ie«  of  physacfl,  and  more  especially  in  tboM 
where  the  phenonaeiu  of  ionnd,  beat,  light,  and  the  impondenbli 
agents  generally  ore  inTestigated,  hare  conferred  upon  the  BuljMI 
consignei  to  the  present  book  mu^  interest  and  importance. 

788.   Dmdencjf  to  otcUl^Ut  roand  a  position  ot  UaU  of  ftoUe 
efmiiibrimaL  —  AVben  a  mvsa  of  matter,  wha^teTer  be  its  form  or  caa^ 
ditions,  being  in  a  atate  of  Btabte  equilibriamj  is  disturbed,  either  cot* 
lectiTelT  or  in  the  internal  oirangemtDt  of  its  oonjstitoent  parts,  Ij 
nnj  exteniol  force  which  operates  for  a  moment,  ench  bod j  will  biv« 
a  tendency  to  return  to  the  state  from  which  it  was  disturbed,  ifid 
will  80  retnm,  provided  the  di«nrbing  force  have  not  permanently 
deranged  its  structure.     After  it  has  returned  to  the  position  of  equi- 
librium, it  will  have  a  tendency,  by  reoaon  of  its  inertia^  to  depart 
from  such  position  again^  and  to  moke  on  excursion  in  a  con  trait 
direction,  and  so  coo  timidly  to  po^  on  the  one  dde  and  the  other  d 
this  position,  with  an  alternate  motion  more  or  less  rapid,  until,  at 
length,  by  the  resistance  of  the  medium  in  which  it  is  placed,  and 
other  cawes,  it  is  gradually  brought  to  rcst^  and  settles  finally  in  its 
prvvious  position  of  stable  equilibnnm. 

Alternate  motions,  thus  produced  and  oontinned|  are  Tarxmsly  ex 
prv^^sed  by  the  terms  ribrations,  oscillations,  waves,  or  undulations,  My 
ci>rding  to  the  state  and  form  of  the  body  in  which  they  take  pkoe, 
and  to  the  character  of  the  motions  which  are  produced. 

One  of  the  most  fiimiliar  and  generally  known  examples  of  this 
cla.s8  of  motion  has  already  been  noticed  in  the  case  of  the  pendnlom. 
Thorv  the  oecillation  is  produced  by  the  alternate  displacement  of  the 
entire  mass  of  the  body,  which  partakes  in  the  oommoo  motion  of 
YibratioQ. 
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K  Formatian  of  wooes  or  undulatunu.  —  It  does  not  always 
p  howevery  that  the  particles  of  the  vibratiDg  body  thus  share 
ommon  motioii.  If  an  elastic  string  be  extended  between  two 
points,  and  be  drawn  laterally  from  its  position  of  rest  by  a 
i|^lied  at  its  middle  point,  it  will  return  to  that  position  of  rest 
188  beyond  it,  and  will  thus  alternately  oscillate  on  the  one  side 
n  the  other  of  such  a  position.  In  this  case  the  oscillatory 
1  bears  a  close  analogy  to  that  of  the  pendulum,  as  will  be 
folly  noticed  hereafter. 


W: 
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Fig.  287.  ^ 

iJi^,Jig.  227. 1,  be  a  flexible  cord  attached  to  a  fixed  point  al 
i  held  by  the  hand  at  A.  If  this  cord  be  jerked  smartly  once 
ioe  np  and  down  by  the  hand  at  A,  it  will  immediately  change 
rm,  and  an  apparent  movement  will  be  produced,  passing  ftma 
nd  A  towards  the  end  b,  simikr  to  that  of  waves  upon  water. 
irsi  efibct  of  the  motion  will  be  to  cause  the  cord  to  araume  the 
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I  A  VO^  rising  abore  the  position  of  eqanibriam.  Thie  wiJl 
d  bj  ft  oorrci!p?n()ing  cnrv^l  foorm  O  s'  P,  J<f pressed  Uy  tie 
■flM  ezlenl  btww  ibe  po^ititOD  of  f^uilibriuiD,  If  the  cord  be  jerked 
Vol  ooMi  Uwn  tbe  poiot  o  will  appear  to  «dv»Qoe  towftrda  b,  iU  etft- 
^i^OB  ▲  s  O  ftUowiDg  it,  fittd  the  depn^on  of  o  s'  p  preceding  it,  se 
thai  the  tpp6anu>ce«  pit>ln<^  snoci^^ivelj  bj  tbe  cord  will  be  ihm 
wmtmmkaukjlff.  ^27,  ll  in.  iv. 

ilia  cant  ▲  8  o  8'  r  te  cdled  a  u?tfp«. 

The  ennre  A  8  o,  whioh  risea  above  tbe  position  of  eqnlUbrinm, 
called  the  eUvaiion  of  the  ^cavt,  b  being  the  summit  or  poinc  of  ^vik 
est  ckTatioD. 

The  carve  O  s'  p  is  edled  tbe  depressi&n  of  the  itarc^  tbe  point  ^ 
bc^  that  of  gre&test  depre^on. 

The  diatance  e  q  of  tbe  bt^he&t  point  ftbove  the  position  of  eqully 
brinm  ia  called  tbe  heighi  of  the  itat^e ;  and  in  like  m^ner  tbe  da- 
tanoe  a'  q'  of  the  lowest  point  of  tbe  depression  below  tbe  position 
of  equilibrium  b  called  tbe  depth  of  iht^  iror^* 

The  distance  a  p  between  tbe  beginning  of  tbe  eleyatioQ  And  the 
end  of  the  depression  Is  called  tbe  length  of  the  tcave ;  tbe  di^tADoe 
A  O  the  length  of  ihe  ehtiation,  and  o  p  that  of  tbe  depression- 
It  is  found  that  such  a  wave,  on  amviag  at  tbe  extremitj  B^  la 
represented  in  iv,  will  return  finom  B  to  A,  aa  lepieaented  in  y,  Y^ 
viiy  viiiy  in  the  same  manner  exactly  as  it  had  advanced  from  A  to  Bb 

Having  thus  returned  to  A,  it  will  begin  another  movement  towaida 
B|  and  so  proceed  and  return  as  before. 

790.  Undulations  progressive  and  stationary. — A  irmve  whkk 
thus  moves  in  some  certain  direction,  ia  called  a  progrtnivt  tcwiv- 
lation. 

Let  a  cord  be  extended  between  two  fixed  pointsi  A  and  l^Jig*  22&| 
and  let  it  be  divided  into  any  number  of  equal  ptfta,  three  for  exam- 
ple, at  0  and  D.     Let  tbe  points  o  and  D  be  temporarilj  fixed,  and 

let  the  three  parts  of  the  eordlie 

/^  ^^/^ — ^^'^/^ — \  B  ^'^  ^™  ^'^  poaition  of  reat  in 
^\- 'y'\~~y\~~~y'    contrary  directions,  ao  that  the  cord 

^"^ — ^  —  will  assume  the  undulating  fimn 

Fig.  228.  represented  in  the  figure.     If  the 

parts  of  the  cord  thus  drawn  from 

their  position  of  equilibrium  be  simultaneously  dischaiged,  each  part 

will  vibrate  between  tbe  fixed  points^  the  adjacent  vifarmma  being  dr 

ways  in  contrary  directions. 

Now  let  tbe  fixed  points  0  and  D  bo  removed,  ao  as  to  leave  the 
cord  free.  No  change  vrill  then  take  pbce  in  the  vifaratoiy  motion  of 
the  cord,  and  it  will  therefore  alternately  throw  itadf  hito  the  poai- 
tions  represented  in  tbe  fig.  by  the  oontinuoas  line  and  tba  doltad 
line.  But  as  it  oontinues  to  vibrate,  the  parts  o  and  B,  althoni^ 
fkee,  will  be  atationaiy,  and  wavea  will  be  fonnad,  whoaa  eh 
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%od  depresBioa  will  bo  alternately  above  and  below  the  lines  joining 
the  pcuntB  a,  c,  d,  and  b. 

Such  an  undulation  not  having  any  progressive  motion,  is  accord- 
inelj  called  a  ttalionary  undulation. 

The  points  c  and  D  of  the  wave,  which  never  change  their  position, 
tre  called  nodal  points  or  nodes. 

This  species  of  undulation  may  be  considered  to  be  produced  by 
the  alternate  elevation  and  depression  of  the  several  partd  of  the  cord 
above  and  below  its  position  of  equilibrium. 

As  the  circumstances  attending,  and  the  laws  which  govern,  the 
nbrations  or  undulations  of  bodies  vary  with  the  state  in  which  they 
are  found,  according  as  they  are  solid,  liquid,  or  gaseous,  it  will  be 
eonvenient  to  consider  such  effects  as  exhibited  in  these  states  severally. 
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791.  Vibrations  of  cords  and  membranes.  —  Solid  bodies  exhibit 
the  phenomena  of  vibration  in  various  forms  and  degrees,  according 
to  their  figure  and  to  the  degree  of  their  elasticity.  Cords  and  wires 
have  their  elasticity  developed  by  tension.  The  same  may  be  said  of 
bodies  which  have  considerable  superficial  extent  with  little  thickness, 
mch  as  thin  membranes  like  paper  or  parchment. 

When  these  are  stretched  tight  and  struck,  they  will  vibrate  on 
the  one  side  and  on  the  other  of  their  position  of  equilibrium,  in  the 
same  manner  as  a  stretched  cord. 

Elastic  substances,  whatever  be  their  form,  are  susceptible  of  vi- 
bration, the  manner  and  degree  of  this  varying  in  an  infinite  variety 
of  ways,  according  to  the  form  of  the  body  and  to  the  manner  in  which 
the  force  disturbing  this  form  and  producing  the  vibration  is  applied. 

792.  Vibrations  of  cords  or  wires  transverse^  longitudinaly  or  tor* 
sionaL — Apparatus  of  Prof.  August.  —  Those  solids 
whose  breadth  or  thickness  is  very  small  in  proportion  to 
their  length,  such  as  thin  rods,  cords,  or  wires,  arc  sus- 
ceptible of  three  kinds  of  vibration,  which  have  been 
denominated  the  transverse,  the  longitudinal,  and  the 
torsional. 

An  apparatus  to  exhibit  these  effects  experimentally, 
contrived  by  l^rofessor  August,  is  represented  in  fg.  221). 
This  appiiratus  consists  of  a  piece  of  brass  wire  formed 
into  a  spiral,  one  end  of  which  is  attached  to  a  frame 
from  which  it  is  sus[)ende(l,  and  the  other  end  supports 
a  weight  by  which  it  is  strained.  The  transverse  vibra> 
tions  are  produced  by  fixing  the  lower  end  of  the  wire 
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by  means  of  the  movable  olamp  repwenied  in  Jig*  229.  The  win 
is  then  drawn  aside  from  its  position  of  equilibriom  and  mddenly  let 
go,  after  which  it  vibrates  on  the  one  side  and  on  die  other  of  dm 

position. 

To  show  the  lon^tndinal  ^brataons,  the  wei^t  enspended  from 
the  wire  is  drawn  downwards  hy  the  hand,  the  wire  yielding  in  eon- 
Bcquenco  of  its  spiral  form.  When  the  weight  is  dieenei^ed,  the 
wire  draws  it  up,  the  spiral  elasticity  being  greater  than  &e  wdglii 
The  weighty  howover,  rises  in  this  case  above  the  ^Msition  of  equU- 
brium,  then  falling  returns  to  it;  bnt  in  consequence  of  its  inertia  de- 
scends below  it,  and  thus  alternately  rises  above  and  fidls  below  tldi 
position,  until  at  length  it  comes  to  rest 

The  torsional  vibrations  are  shown  by  turning  the  weieht  round  id 
vertical  diameter.  When  so  turned  and  let  go,  it  will  turn  bade 
again  until  it  attains  its  position  of  equilibrium ;  but  by  reason  (^  iti 
inertia  it  will  continue  to  turn  bevond  that  position  until  stopped  by 
the  resistance  of  the  wire,  when  it  will  return,  and  thus  alternately 
twist  round  in  the  one  durection  and  in  the  other,  until  it  comes  to 
rest 

793.  Vibr aliens  of  an  elastic  string.  —  Of  the  various  forms  of 
solid  bodies  susceptible  of  vibration,  tluit  which  is  attended  with  the 
greatest  interest  and  importance  is  an  extended  cord;  inasmuch  as  it 
not  only  produces  the  phenomena  in  such  a  manner  and  form  as  to 
render  the  laws  which  govern  them  more  easily  ascertained,  but  also 
constitutes  the  principle  of  an  extensive  class  of  musical  instruments, 
and  is  therefore  of  high  importance  in  the  theory  of  musical  sounds. 

Let  A  B,  Jig,  230.,  be  such  an  extended  string.  If  it  be  drawn 
aside  at  its  middle  point  c  from  its  position  of  equilibrium,  so  as  to 
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be  bent  into  the  form  A  D  B,  and  then  disengaged,  it  will  in  virtne 
of  its  elasticity  return  to  the  position  A  0  B ;  the  point  D  approaching 
c  with  an  accelerated  motion,  exactly  in  the  same  manner  as  the  baU 
of  a  pendulum  approaches  the  centre  point  of  its  vibration.  Having 
arrived  at  the  position  A  C  B,  the  string  in  consequence  of  its  inertia 
will  be  carried  beyond  that  position,  and  will  arrive  at  a  position 
A  d'  B  on  the  other  side  of  A  c  B,  nearly  at  the  same  distance  as  A  D  B 
was.  Tbe  motion  of  the  middle  point  c  from  o  to  d'  is  gradually  re- 
tarded, until  it  entirely  ceases  at  d',  precisely  similar  to  the  motion 
of  the  ball  of  a  pendulum  in  ascending  from  the  middle  point  to  the 
(octrcme  limit  of  its  vibration.     All  these  observations  will  be  equally 
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amHoable  to  any  other  point  of  the  string,  srach  as  c,  which  oscillates 
in  like  manner  between  the  points  d  and  d\  All  the  circumstances 
which  were  explained  in  the  case  of  the  pendulum,  and  which  showed 
that  the  oscillations,  whether  made  through  longer  or  shorter  arcs, 
were  made  in  the  same  time,  are  equally  applicable  to  this  case  of  a 
vibrating  string.  Thus,  the  force  which  impels  any  point,  such  as  d, 
towards  the  line  A  b,  increases  as  the  distance  of  D  from  the  line  A  b 
increases.  Therefore,  the  greater  the  extent  of  the  excursion  which 
the  string  has  to  make,  the  greater  in  proportion  will  be  the  force 
which  will  impel  it ;  and  consequently,  the  time  of  vibration  will  be 
the  aame  although  the  amplitude  of  the  vibrations  be  greater.  It  is, 
therefore,  the  general  property  of  all  extended  strings,  when  put  in 
vibration,  that  they  will  oscillate  on  either  side  of  their  position  of 
lest  in  equal  times,  whether  the  amplitude  of  the  vibrations  is  great 
or  smalL  It  foUows  from  this,  that  the  time  of  oscillation  will  be 
the  same  during  the  continuance  of  the  vibration  of  the  same  sti*ing, 
although  the  amplitude  of  the  oscillations  it  performs  be  continually 
diminished. 

These  observations,  with  the  necessary  qualifications,  are  applicable 
to  all  vibrating  bodies.  In  all  cases,  the  force  tending  to  bring  them 
back  to  the  position  of  equilibrium  is  great  in  proportion  to  the  ex- 
tent of  their  departure  from  it ;  and  consequently,  the  time  of  oscilla- 
ting on  either  side  of  their  position  of  equilibrium  will  be  the  same, 
although  the  amplitude  of  each  oscillation  is  variable. 

794.  General  laws  affecting  them.  —  The  following  laws  which 
govern  the  vibration  of  strings  have  been  demonstrated  by  theory  and 
verified  by  experiment. 

Let  N  express  the  number  of  vibrations  per  second  which  the  string 
makes. 

Let  L  express  the  length  of  the  string. 

Let  8  express  the  force  with  which  the  string  is  stretched. 

Let  D  express  the  diameter  of  the  string. 

L  The  number  n  will  be  inversely  proportional  to  L,  other  things 
being  the  same.  —  That  is  to  say,  the  number  of  vibrations  made  by 
a  string  per  second  will  be  increased  in  the  same  proportion  as  the 
length  of  the  string  is  diminished,  and  vice  versd,  the  tension  of  the 
string  and  its  thickness  remaining  the  same. 

XL  The  number  n  varies  in  the  proportion  of  the  square  root  of  s, 
0iher  things  being  the  same,  —  That  is  to  say,  the  number  of  vibra- 
tions performed  by  a  string  per  second  will  bo  increased  in  proportion 
to  the  square  root  of  the  force  which  stretches  the  string.  If  the 
string  be  extended  by  a  four-fold  force,  the  number  of  vibrations 
which  it  performs  per  second  will  be  doubled ;  if  it  be  extended  by 
a  nine-fold  force,  the  number  of  vibrations  it  performs  per  second  wiD 
be  increased  in  a  three-fold  proportion,  and  so  on. 

III.   The  number  of  vibrations  performed  per  second  is  in  the  in* 
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vene  proporliim  of  the  diameter  of  ike  Mlttrng^  oiker  ikuig$  hemg  U$ 
game.  —  That  is  to  say,  if  two  strings  of  the  nine  len^  and  eon- 
posed  of  the  same  material  be  stretched  with  the  same  iwoe,  one  hat- 
ing double  the  diameter  of  the  other,  the  latter  will  perform  twiee  u 
many  vibrations  per  second  as  the  former. 

The  three  preceding  rules  maj  be  expressed  in  oomlnnation  by  the 
following  formula : 

y/T 

in  which  a  is  a  number  depending  on  the  qnali^  of  the  material  of 
the  string,  and  which  will  Tary  in  the  fonnnla  if  two  difilsrent  striogi 
be  compared  together. 

It  follows,  from  this  formula,  that 

NLD 
A= . 

The  constant  number  a,  therefore,  is  found  by  dividing  the  product 
of  the  Duiubor  of  vibrations  per  second,  the  length  of  the  string,  and 
its  thickncdS,  by  the  square  root  of  the  force  which  stretches  the 
btriiivr- 

IV.  Thf  numbers  of  vibrations  of  cords  of  different  materials  ars 
in  the  inverse  proportion  of  the  square  roots  of  their  densities. — 
That  is  to  say,  if  we  take,  for  example,  a  cord  of  copper  whose  den- 
sity is  about  9,  and  a  catgut  cord  whose  density  is  nearly  1,  their 
dianiotor^,  tonsioni^  and  lengths  being  equal,  the  number  of  vibrations 
of  the  copper  cord  will  be  to  that  of  the  catgut  as  1  to  3. 

The  manner  in  which  tlie  preceding  laws  may  be  verified  by  ex- 
porimont  will  be  explained  in  the  next  Book,  when  wc  shall  treat  of 
the  il<K'trine  of  sound. 

70 0.  Vibrations  of  an  elastic  rod  vilh  one  endjircd. — If  an  clastic 
rod,  fixed  at  one  end  and  free  at  the  other,  be  drawn  aside  from  its 
jxisition  of  equilibrium,  and  let  go,  it  will  >nbratc,  and  its  vibrations 
will  be  isiKhronous,  for  the  reasons  which  have  been  already  explained 
in  a  general  manner.  It  is  demonstrated  by  theory,  and  verified  hy 
experiment,  that  the  number  of  vibrations  per  second  made  by  such  a 
rod  will,  other  things  )x;iiig  the  same,  be  inversely  as  the  square  of  its 
length.  If,  for  example,  two  pieces  of  the  same  elastic  steel  were  to 
bo  fixed  in  a  vice  at  one  end,  the  other  ends  being  free,  the  number  of 
vibnitions  performed  by  the  one  per  second  will  be  four,  nine,  or  six- 
tecn-fold  the  number  of  vibrations  performed  by  the  other,  if  the  firct 
be  two,  three,  or  four  times  shorter  than  the  second. 

The  vibrations  produced  by  clastic  wires,  fixed  at  one  end,  are  not 
like  the  vibrations  of  &  common  pendulum,  generally  made  in  the 
same  plane ;  in  other  words,  the  free  extremity  of  the  wire  does  not 
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Bnribe  a  cireulur  aro  between  iU  extreme  pot^itioDs.  It  appears  to  be 
Bpnaaed  with,  at  the  same  time,  two  vibratory  motions  in  planes  at  right 
Dg^  to  each  othor^  and  moves  in  a  curve  produced  by  the  composition 
f  these  motions.  These  eflEiects  are  rendered  experimentally  appar- 
ent in  a  beautiful  manner,  by  the  following  expedient  Let  several 
lastic  steel  wires,  knitting-needles,  for  example,  be  fixed  at  one  end 
a  a  vice  or  in  a  board,  and  let  sm^  balb  of  polished  steel,  capable 
f  reflecting  light  intensely,  be  attached  to  the  vibrating  ends.  Each 
i  these  small  polished  balls  will  reflect  to  the  eye  a  brilliant  point, 
od  when  they  are  set  in  motion  this  brilliant  point  will  produce  a 
ODtinned  line  of  light,  in  the  same  manner  and  upon  the  same  prin- 
aple  (which  will  be  explained  hereafter)  on  which  the  end  of  a  lighted 
tick  made  rapidly  to  revolve  appears  one  continued  circle  of  Tiffht. 
IfoWy  when  the  needles  are  put  into  a  state  of  vibration,  the  brilliant 
points  will  appear  to  describe  a  complicated  cur^-e,  exhibited  to  the 
ije  by  an  unbroken  line  of  light  reflected  from  the  polished  ball. 

796.  Jiodal  points  ezperimcntaUy  shown. — Ehistio  rods  are  sus- 
septible  of  the  stationary  undulations  already  described  as  well  as 
rtrings.  The  nodal  points  in  the  one  and  the  other  can  be  ascertained 
izperimentally  by  placing  the  vibrating  string  or  wire  in  a  horizontal 
poaitioD,  and  suspending  upon  it  light  rings  of  paper.  They  will  be 
thrown  off  so  long  as  they  rest  upon  any  part  of  the  string  or  wire 
Bxoept  the  node,  but  when  they  come  to  a  node,  they  will  remain  there 
anmored,  although  the  vibration  of  the  string  or  wire  may  continue. 

Thia  experiment  may  be  easily  performed  upon  a  string  stretched 
in  %  horizontal  position.  If  such  a  string  be  taken  between  the  fingers 
it  two  points,  each  distant  by  one-fourth  of  its  length  from  the  two 
extremities,  and  being  dravm  aside  in  opposite  directions,  be  disen- 
n^ed,  it  will  vibrate  with  a  stationary  undulation,  the  nodal  poiur 
being  in  the  centre,  and  each  half  of  the  string  vibrating  independ- 
ently of  the  other.  If  a  light  paper  ring  be  suspended  on  such  a 
■tring  at  the  middle  point,  it  will  remain  unmoved ;  but  if  dniwu 
uide  from  the  middle  point,  it  will  be  thrown  off  and  agitated  until 
it  returns  to  that  point,  where  it  will  again  remain  at  rest. 

A  solid,  in  the  form  of  a  thin  elastic  pkte,  made  to  vibrate,  will 
always  be  susceptible  of  stationary  undu- 
lations, and  will  have  a  regular  series  of 
nodal  points.  Such  a  plate  may  be  con- 
sidered as  consisting  of  a  series  of  rods 
or  wires,  placed  in  contact  and  connected 
together,  and  the  scries  of  their  nodal 
pomts  will  form  upon  the  plate  a  series 
of  nodal  lineci. 

To  render  these  nodal  lines  experi- 
mentally apparent,  it  is  only  necessary  to 
spread  upon  the  plate  a  thin  coating  of 
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fino  sand ;  when  the  plate  is  put  into  vibntiony  die  auid  will  he 
thrown  from  the  vibrating  points,  and  will  collect  upon  the  nodal 
lines,  and  affect  an  arrangement,  of  which  an  example  u  given  itkjg. 
231.     This  will  be  more  fallj  explained  hereafter  when  we  treat  of 
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797.  JVavrs  diverging  round  a  centre.  — If  a  vessel  containing  i 
liquid  remain  at  rest,  the  liquid  being  snbjcct  to  no  external  disturb- 
ance, the  surface  will  form  a  uniform  level  plane.  Now,  if  a  depres- 
sion be  made  at  any  point  of  this  surface  by  dropping  in  a  pebble,  or 
by  immersing  the  end  of  a  rod  and  suddenly  withdrawing  it,  a  series 
of  circular  waves  will  immediately  be  formed  round  the  point  where 
sucli  depression  is  made  as  a  centre,  and  each  such  wave  will  expand 
in  a  progressively  increasing  circle,  wave  following  wave  until  they 
encounter  the  bounding  siilos  of  the  vessel. 

7i>8.  Jlpparcnl  pro£^ressive  motion  of  the  liquid  deceptive. — In 
tliis  phenomenon  a  curious  deception  is  produce<l.  When  wc  perceive 
tlie  waves  thus  apparently  advancing,  one  following  another,  we  are 
irresistibly  impressed  with  the  notion  that  the  fluid  itself  is  ad\*ancing 
in  the  s;uiio  direction ;  we  consider  that  the  same  wa^'e  is  composed 
of  the  same  water,  and  that  the  entire  surface  of  the  liquid  is  in  pro- 
gressive motirm.  A  little  reflection,  however,  on  the  consequences  of 
such  a  supposition  will  prove  that  it  is  unfounded.  The  ship  which 
floats  on  the  waves  of  the  sea  is  not  carried  forwanl  with  them;  they 
pass  boneath  hor  in  lifting  her  on  their  summit  and  in  letting  her 
sink  into  the  abyss  between  them.  Observe  a  sea-fowl  floating  on  the 
water,  and  the  same  eff*ect  will  bo  seen.  If,  however,  the  water  it- 
self partook  of  the  motion  of  the  waves,  the  ship  and  the  fowl  would 
each  be  carried  forward  with  a  motion  in  common  with  the  liquid. 
Once  on  the  summit  of  a  wave,  there  they  would  constantly  remain; 
or  if  once  in  the  depression  between  two  waves,  they  would  likewise 
continue  there,  one  wave  always  preceding  and  the  other  following 
thcni. 

It  is  evident,  therefore,  that  the  impression  produced,  that  the 
water  is  in  progressive  motion,  is  an  illusion  But,  it  may  be  asked, 
to  what  then  does  the  progressive  motion  belong?  That  such  a  pro- 
gressive motion  does  take  place  in  something,  we  have  proof  from  the 
evidence  of  sight;  and  that  no  progressive  motion  takes  place  in  the 
liquid  we  have  still  more  unquestionable  evidence.     To  what^  then, 
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does  the  motion  belong?    We  answer,  to  the  form  of  the  sorfiioe, 
and  not  the  liquid  composing  it. 

7d9.  Progression  of  waves  explained,  —  To  render  intelligible 
the  manner  in  which  the  waves  upon  a  liquid  are  produced,  let  A  B  o  D, 
^.  232.,  be  a  vessel  containing  a  liquid  whose  surface  when  at  rest 
is  L  L.  Let  us  imagine  a  siphon  M  N  o  inserted 
in  this  vessel,  filled  with  water  to  the  same 
level* as  the  vessel.  It  is  evident  that  the 
water  included  within  the  siphon  will  hold  the 
same  position  precisely  as  the  water  of  the  ves- 
sel which  the  siphon  displaces.  If  we  suppose 
J  a  piston  inserted  in  the  leg  m  n  to  press  down 

B^^^fe^Sc    *^®  water  from  the  level  l  l  to  the  depth  d', 


:liU 


Fig.  232. 


the  water  in  the  leg  n  o  will  rise  to  the  height 
B.  K  the  piston  be  suddenly  withdrawn,  the 
water  in  the  leg  m  n  will  again  rise,  and  the  water  in  the  leg  n  o  will 
fidl,  the  Burfiices  d'  and  e  will  return  to  the  common  level  l  l,  but 
they  will  not  remain  there,  for,  in  consequence  of  the  inertia,  the 
ascending  motion  of  the  column  d  and  the  descending  motion  of  the 
column  X  will  be  continued,  so  that  the  surface  D^  will  rise  above  L  l, 
and  the  surface  s  will  Mi  below  it,  and  having  attained  a  certain 
limity  they  will  again  return  respectively  to  the  level  l  l,  and  oscillate 
above  and  below  it  until,  by  friction  and  atmospheric  resistance,  they 
are  brooght  to  rest  at  the  common  level  l  l. 

Now  u  we  ima^ne  the  siphon  to  be  withdrawn,  so  that  the  water 
which  occupies  its  place  may  be  affected  by  the  same  pressure  at  d', 
tlie  same  oacillation  will  take  place ;  but  at  the  same  time,  the  lateral 
proaanre  which  is  obstructed  by  the  sides  of  the  siphon  will  cause 
other  oacillations,  by  the  combination  of  which  the  phenomenon  of  a 
i  will  be  produ^. 


Fig.  233. 
Let  ABC  T>fjlg,  288.,  be  an  undulation  produced  on  the  surftce  of 
a  liquid.     This  undulation  will  appear  to  have  a  progressive  motion 
from  A  towards  x. 

Ijeft  na  suppose  that  in  the  interval  of  one  second  the  summit  of 
tlie  wave  B  is  transferred  to  b'.    Now  let  us  consider  with  what 

l2  407 


126  THEORY  OF  UNDULATION. 

moti<m  the  particles  forming  the  surface  of  the  water  are  afieeted 
during  this  interval. 

The  particle  at  B  descends  vertically  to  h,  while  the  particle  B* 
ascends  vertically  to  h \  The  several  particles  of  the  wave  in  the  firrt 
p-^Kiiirin  lietween  B  and  c  descend  in  the  vertical  lines  represented  by 
dotted  lines  in  the  figure  to  the  several  points  of  the  surface  between 
6  and  c.  At  the  same  time^  the  several  points  of  the  surface  of  the 
wave  in  it^  first  portion  between  c  and  b'  rise  in  vertical  lines,  and 
fonn  the  surface  of  the  wave  in  its  second  position  between  C  and  b'. 

In  like  manner,  the  particles  of  the  wave  in  the  first  position 
between  B  and  c  rise  in  vertical  lines,  and  form  the  surface  of  the 
wave  in  its  new  positions  Itetween  b'  and  c'. 

In  the  same  manner,  during  the  same  interval,  the  particles  of 
liquid  fi>rming  the  surface  B  A  descend  in  vertical  lines  and  form  the 
surface  b  a. 

Thus  it  appears  that  in  the  interval  of  one  second  the  particles  of 
water  forming  the  surface  A  B  cfall  in  vertical  lines,  and  those  form- 
ing the  surface  c  b'  c'  rise  in  vertical  lines,  and  at  the  end  of  a  second 
the  series  of  particles  form  the  surface  a  b  c  b'  c'. 

In  this  manner,  in  the  interval  of  one  second,  not  only  the  crest  of 
the  wave  is  transferred  from  b  to  b\  but  all  the  parts  which  form  its 
profile  are  transferred  to  corresponding  points  holding  the  same  rela- 
tive position  to  the  new  summit  b'.  Thus  we  see  that  the  form  of 
the  wave  has  a  progressive  motion,  while  the  particles  of  water  com- 
posing its  surfacH}  have  a  vertical  motion  cither  upwards  or  down- 
wards, as  the  case  may  be. 

yOO.  Stationary  leaves  explained.  —  Hence  it  appears  that  each 
of  the  particles  composing  the  surface  of  a  liquid  is  affected  by  an 
alternate  vertical  motion.  This  motion,  however,  not  being  simul- 
taneous but  successive,  an  effect  will  be  produced  on  the  surface  which 
will  be  attended  with  the  form  of  a  wave,  and  such  wave  will  be  pro- 
gressive. The  alternate  vertical  motion  by  which  the  particles  of  the 
liquid  arc  affected  will,  however,  sometimes  take  place  under  such 
conditions  as  to  produce,  not  a  progressive,  but  a  stationary  undula- 
tion. This  would  be  the  case  if  all  the  particles  composing  the  sur- 
face were  simultaneously  moved  upwards  and  downwanis  in  the  same 
direction,  their  spaces  varying  in  magnitude  according  to  their  dis- 
tance from  a  fixed  point. 

To  explain  this,  let  us  suppose  the  particles  of  the  surface  of  a 

liquid  between  the  point  a  Cfjig.  234.,  to  be  simultaneously  moved  in 

vertical  lines  upwards,  the  centre  particle  c  being  raised  through  a 

'  space  than  the  particles  contiguous  to  it  on  either  side.     The 

A  which  the  other  succeeding  particles  are  raised  will  be 

ly  diminishing,  so  that  at  the  end  of  a  second  the  particles 

which,  when  at  rest,  formed  the  surface  a  e,  will  form  the 

it&ce  a  b  c  d  e, 
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Li  Uke  manner,  suppose  the  particles  of  the  sur&ce  «  t  to  be  de- 
preflsed  in  vertical  lines^  corresponding  exactly  with  those  through 
which  the  particles  a  e  were  elevated.  Then  the  particles  which 
orienallj  formed  the  surface  e  i  would  form  the  curved  surface  efg  h  i, 
and  they  would  become  the  depression  of  a  wave.  Thus  the  eleva- 
tion of  the  wave  would  he  abed  e,  and  its  depression  efg  h  t. 


^  .f - 

Kt'lS 

V-! 

I.' 

,^/>^ 

[J^Si- 

.'-^vMJf^ 

Fig.  234. 

Having  attained  this  form,  the  particles  of  the  surface  a  b  c  d  e 
would  &II  in  vertical  lines  to  their  primitive  level,  and  having  attained 
that  point,  would  descend  below  it;  while  the  particles  eyf,g,h,if 
woald  rise  to  their  primitive  level,  and  having  attained  that  position, 
would  continue  to  rise  above  it.  In  fine,  the  particles  which  origin- 
ally formed  the  surfisu^  of  the  undulation  a  b  c  d  efg  hi  would  ulti- 
nu^y  form  the  surface  a  b'  e  d'  ef  g'  K  i,  represented  by  the 
dotted  line. 

Having  attained  this  form,  the  particles  would  again  return  to 
their  primitive  level,  and  would  pass  beyond  it,  and  so  on  alter- 
nately. 

In  this  case,  therefore,  there  would  be  an  undubtion,  but  not  a 
progressive  one.  The  nodal  points  would  be  a,  e,  t,  n,  r,  and  these 
points  during  the  undulation  would  not  be  moved ;  they  would  neither 
fink  nor  rise,  the  undulatory  motion  affecting  only  those  between 
them. 

This  phenomenon  of  a  stationary  undulation  produced  on  the  sur- 
&ee  of  a  liquid  may  easily  be  explained,  by  two  systems  of  progres- 
nve  undulation  meeting  each  other  under  certain  conditions,  and  pro- 
ducing at  the  points  we  have  here  called  nodal  points  the  phenomenon 
of  interference,  which  we  shall  presently  explain. 

801.  Conditioru  under  which  a  stationary  undulation  may  be  pro- 
duced.  —  StaUonary  undulations  may  be  produced  on  a  surface  of 
liquid  confined  in  a  straight  channel  by  exciting  a  succession  of  waves, 
separated  by  equal  intervals,  moving  against  the  end  or  side  of  the 
channel,  and  reflected  from  it.  The  reflected  waves,  combined  with 
the  direct  waves,  will  produce  the  effect  here  described. 

It  may  also  be  produced  by  exciting  waves  in  a  circle  from  its 
central  point.  These  waves  being  reflected  from  the  circular  sur&ce, 
will  prince  another  series,  which,  combined  with  the  former,  would 
be  attended  with  the  effect  of  a  stationary  undulation. 

802.  Depth  to  which  the  effect  of  waves  extend,  —  When  a  system 
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of  waves  is  produced  upon  the  surface  of  a  liquid  by  any  dirtuiUng 
force,  a  question  arises  to  what  depth  in  the  liquid  tbia  disturbuioe 
of  equilibrium  extends.  It  is  possible  to  suppose  a  Btratum  of  the 
liquid  at  any  supposed  depth  below  which  the  yertioal  deruicement 
would  not  be  continued.  Such  a  stratum  would  operate  as  the  bottom 
of  the  aptated  part  of  the  fluid. 

The  Messrs.  Wcbbcri  to  whose  experimental  inquiries  in  thb  de- 
partment of  physics,  science  is  much  indebted,  have  ascertained  that 
the  equilibrium  of  the  liquid  is  not  disturbed  to  a  greater  depth  than 
about  three  liundrcd  and  tifly  times  the  altitude  of  the  wave. 

803.  Rfjlcclton  of  waves.  —  If  a  scries  of  progressive  waves  im- 
pinge acaiiist  any  solid  surface,  they  will  be  reflected,  and  will  retorn 
along  the  surface  of  the  fluid  as  if  they  emanated  from  a  eeatre 
equally  distant  on  the  other  side  of  the  obstructing  surface. 

To  explain  this,  it  is  necessary  to  consider  that  when  any  part  of  i 
wave  encounters  the  obstructing  surface,  its  progress  is  retanled,  and 
the  particles  composing  it  will  oscillate  vertically  in  contact  with  the 
surface  exactly  as  they  would  oscillate  if  they  had  at  this  point  been 


Fig.  235. 

first  disturbed.  They  will  therefore,  at  this  point,  become  the  centre 
of  a  new  sy.Mtem  of  waves,  which  will  be  propagated  around  it,  but 
which  will  form  only,  semicircles,  since  the  centre  of  nndulation  will 
be  against  the  obstructing  surface,  which  will,  as  it  werP|  cat  off  half 
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of  each  circular  undulation.  As  the  several  points  of  the  wave  meet 
the  obstructing  sur&ce  in  succession,  other  series  of  semidreular  waves 
will  be  formed,  and  we  shall  see  that  hj  the  combination  of  these  va- 
rious systems  of  semicircular  waves,  a  single  wave  will  be  formed,  the 
centre  of  which  will  be  a  point  just  so  ur  on  the  other  side  of  the 
obstructing  surface  as  the  original  centre  was  on  the  side  of  the  fluid. 

I^t  c,  Jig,  235.,  be  the  original  centre  of  undulation,  and  let  a 
wave  W  W  issuing  from  this  centre  move  towards  the  obstructing  sur- 
face A  B.  The  first  part  of  this  wave  which  will  meet  the  obstructing 
surface  will  be  the  point  v,  which  moves  along  the  line  o  M  perpen- 
dicular to  it.  After  this,  the  other  points  of  the  wave  on  the  one 
side  and  on  th6  other  will  successively  strike  it. 

Let  us  take  the  moment  at  which  the  surface  is  struck  at  the  points 
B  and  A  equally  distant  from  the  middle  point  M  by  two  parts  of  the 
Wave.  All  the  intermediate  points  between  B  and  A  will  have  been 
previously  struck ;  amd  if  the  wave  had  not  been  intercepted  by  the 
obstructing  surface,  it  would  at  the  moment  at  which  it  strikes  the 
INiints  B  and  A  have  had  the  form  of  the  circular  arc  a  o  b,  having 
the  original  point  o  as  its  centre. 

But  as  the  successive  points  of  the  wave  strike  the  surface  A  B,  they 
will,  according  to  what  has  been  explained,  each  become  the  centre 
of  %  new  wave  which  will  have  a  semicircular  form ;  and  to  ascertain 
the  magnitude  of  such  wave  at  the  moment  the  original  wave  strikes 
the  points  A  and  b,  it  is  only  necessary  to  ascertain  the  distance 
through  which  each  semicircular  wave  will  expand,  and  the  interval 
between  the  moment  at  which  the  vertex  of  the  original  wave  strikes 
the  point  h,  and  the  moment  at  which  the  two  extremities  of  tho 
wave  strike  the  points  a  and  b.  It  is  evident  that  if  the  wave  had 
not  been  interrupted  at  m,  its  vertex  would  have  moved  on  to  o ;  and 
as  the  new  wave  reflected  from  M  will  have  the  same  velocity,  it  fol- 
lows that  at  the  moment  the  original  wave  would  have  arrived  at  o, 
the  reflected  wave  will  have  expanded  through  a  semicircle  whoso 
radius  is  m  o.  Therefore,  if  we  take  the  point  M  as  a  centre,  and  a 
line  equal  to  M  o  as  a  radius,  and  describe  a  semicircle,  this  semicircle 
will  be  the  position  of  the  new  wave  formed  with  M  as  a  centre  at  itho 
moment  that  the  extremities  of  the  original  wave  struck  the  points 
▲  andB. 

In  like  manner,  it  may  be  shown  that  if  P  be  the  position  which 
the  point  of  the  original  wave  which  struck  n  would  have  attained 
liad  it  not  been  interrupted,  the  distance  from  which  the  semicircular 
wave  having  N  as  a  centre  would  have  expanded  in  the  same  time  will 
be  determined  by  describing  a  semicircle  with  n  as  a  centre  and  n  p 
aa  a  radius.  In  the  same  manner  it  may  be  shown  that  the  forms  of 
all  the  semicircular  waves  produced  with  the  points  n  of  the  obstruct- 
ing sarfSuje  between  a  and  b  as  centres,  will  be  determined  by  taking 
the  sevend  parts  of  the  radii  o  P,  which  lie  beyond  the  obstructing 
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■mfiuse  as  radii,  and  the  pointii  N  where  thcgr  cross  the;  obstnieiiif 
mrftoe  as  centres.  This  has  heen  aooordingfy  done  in  the  diapaSi 
hj  which  it  will  be  perceived  that  the  space  to  the  left  of  the  ob^niet- 
ing  sarface  is  intersected  by  the  nomerons  semidrcolar  waves  whidi 
have  been  formed.  But  it  appears  also  that  the  series  of  points  where 
they  intersect  each  other  most  closely  is  that  of  a  eiroalar  arc  A  o'  B| 
having  for  its  centre  the  point  o'  whose  distance  behind  the  soxftes  v 
is  eqiud  to  the  distance  of  the  centre  c  before  it^  so  that  o  M  shall  be 
equal  to  c'  M.  The  effect  will  be,  that  a  circular  wave  a  o'  B  will  be 
be  formed,  the  intersection  of  the  semicircles  within  this  being  so 
inconsiderable  as  to  be  imperceptible.  This  wave  A  o'  B  will  aoa»d- 
ingly  expand  from  the  surface  A  b  towards  o  on  the  left  in  the  sune 
manner  as  the  wave  A  o  B  would  have  expanded  on  the  right  towards 
o'l  if  it  had  not  been  interrupted  by  the  obstructing  sorfiicc. 

If  any  radius  of  the  original  wave,  such  as  o  P,  and  the  correspand- 
inff  radius  (/p'  of  the  reflected  wave  be  also  drawn,  these  two  n£i 
will  evidently  make  equal  angles  with  the  line  o  Bf  o'  which  is  pei^ 
pendicular  to  the  obstructing  surface ;  and  consequently,  if  from  the 
point  N  a  line  N  Q  be  drawn  parallel  to  c  M,  and  therefore  perpen- 
dicular to  A  n,  the  lines  c  n  and  N  R  will  form  equal  angles  with  it 

804.  Law  of  reflection — angles  of  incidence  and  reflection  equal 
—  The  angle  c  N  Q  is  called  the  angle  of  incidence  of  the  wave,  and 
the  angle  Q  N  R  is  called  the  angle  of  reflection ;  and  hence  it  is  csta-  ■ 
blished  as  a  general  law,  that  in  the  reflection  of  waves  from  any  ob- 
structing surface,  the  angle  of  incidence  is  equal  to  the  angle  of 
reflection,  —  a  law  which  has  already  been  shown  to  prevail  when  a 
perfectly  elastic  body  is  reflected  by  a  perfectly  hard  surface. 

When  a  wave  strikes  a  curved  surface,  it  will  be  reflected  from 
it  in  a  different  direction,  according  to  the  point  of  the  surface  tt 

which  it  is  incident  It  will 
be  reflected  from  such  point  in 
the  same  direction  as  it  would 
be  if  it  struck  a  plane  which 
coincides  with  the  curved  sur- 
face at  this  point. 

805.  Elliptic  and  parabolic 
curves.  —  There  are  two  spe- 
cies of  curves,  which  in  those 
branches  of  physics  which  in- 
volve the  principles  of  undu- 
lation are  attended  with  con- 
siderable importance.  These 
figures  are  the  ellipse  and  the 
parabola.  Fig.  286.  represents 
an  ellipse :  A  B  is  its  major 
axis^  and  c  d  its  minor  axis ;  f  f'  are  two  points  upon  its  major  axis 
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I  tody  which  hmve  the  following  property.  If  lines  be  drawn 
I  foci  to  any  point  p  in  the  ellipse,  these  lines  will  form  equal 
ith  the  ellipse  at  p,  and  their  lengths  taken  together  will  be 
the  major  axis  A  B. 

Waves  propagated  from  tlie  foci  of  an  ellipse.  —  A  remark- 
sequence  of  this  property  follows,  relative  to  undulations  hav- 
their  centres  one  or  other  of  the  foci.  If  a  series  of  pro- 
drcular  waves,  propagated  from  the  focus  F  as  a  centre,  strike 
aoe,  they  will  be  reflected  from  the  surface  at  angles  equal  to 
which  they  strike  it,  because,  by  the  law  which  has  been 
Mtablished,  the  angles  of  reflection  will  be  equal  to  the  angles 
mce.  If,  then,  we  suppose  several  waves  of  the  same  system 
g  from  the  focus  r,  to  strike  successively  the  elliptical  surface  at 
ts  P,  they  will  be  reflected  in  the  direction  p  f'  towards  the  other 
But  as  all  the  points  of  the  same  wave  move  with  the  same 
they  will  describe  equal  spaces  in  the  same  time.  Let  the 
p  p  upon  the  lines  p  f'  be  those  at  which  the  points  of  the  wave 
ve  simultaneously.  It  then  follows,  that  the  lines  P  P  and  ^p 
en  together,  be  equal,  being  in  each  case  the  spaces  described 
ime  time  by  different  points  of  the  same  wave.  If,  then,  these 
ngths  F  p/i  be  taken  from  the  lengths  F  p  f',  which  are  also 
each  other,  as  has  been  already  explained,  the  remainders  f'  p 
issarily  be  equal ;  therefore  the  points  p  will  lie  at  equal  dis- 
lom  f',  and  will  therefore  form  a  circle  round  f'  as  a  centre. 
B  it  follows,  that  each  circular  wave  which  expands  round  F  wiU, 
after  it  has  been  reflected  from  the 
surface  of  the  ellipse,  form  another 
circular  wave  round  f'  as  a  centre. 

807 .  fVaves  propagated  from  the 
focus  of  a  parabola. -^  The  curve 
called  a  parabola  is  represented  in 
fg.  237.  The  point  y  is  its  vertex, 
and  the  line  v  M  is  its  axis. 

A  certain  point  F  upon  the  axis 
noor  the  vertex,  called  the  focus,  has 
"'■the  following  property.  Let  lines 
be  drawn  from  this  point  F  to  any 
points  such  as  P  in  the  curve ;  and 
let  other  lines  be  drawn  from  the 
points  p  severally  parallel  to  the  axis 
y  M,  meeting  lines  w  w'  drawn  per- 
pendicular to  the  axis,  and  termi- 
nated in  the  curve.  The  lines  F  p 
and  p^  will  be  inclined  at  equal 
angles  to  the  curve  at  the  points  p, 
Fiff-  ^^'  and  the  sum  of  their  lengths  will  bo 
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fhere  the  Bame;  that  is,  if  the  length  of  the  line  F  p  be  added  to 
the  fength  of  the  line  P  p,  the  same  earn  will  be  obtained  whichenr 
of  the  points  P  may  be  taken ;  and  this  will  be  the  case  whatever  hoe 
W  w'  be  drawn  perpendicular  to  v  M . 

It  follows  from  this  property,  that  if  the  focus  of  a  parabola  he  the 
oentre  of  a  system  of  progresaiTe  waves,  these  wavea,  after  strik- 
ing the  Burfaco,  will  be  reflected  so  as  to  form  a  aeries  of  parallel 
straight  waves  in  the  direction  of  the  lines  w  w',  and  moving  from  r 
towards  M. 

This  mny  be  demonstrnted  in  precisely  the  same  manner,  as  it  hu 
been  provf^d  in  the  case  of  the  ellipse  that  the  reflected  waves  form  a 
circle  round  the  focus  f'  ;  for  the  lines  F  P  and  p  P,  Jig.  237.,  forming 
equal  ansles  with  the  curve,  will  neoessarily  correspond  with  the  direc* 
tion  of  the  incident  and  reflected  waves,  and  the  sum  of  these  linei 
being  the  same  wherever  the  point  p  may  be  ritnated,  the  seveial 
points  of  the  same  wave  striking  diflerent  points  of  the  parabohi  vill 
arrive  together  at  the  line  w  w',  inasmnen  as  thej  move  with  the 
same  velocity,  and  have  equal  spaces  to  move  over. 

On  the  other  hand,  it  follows,  by  precisely  similar  reasoning,  tliat 
if  a  series  of  parallel  straight  waves  at  right  angles  to  v  Bl,  moving 
from  M  towards  v,  should  strike  the  paraboRc  surrace,  their  reflections 
would  form  a  scries  of  circular  waves  of  which  the  focus  F  would  bo 
the  centre. 

If  two  parabolas,  A  V  B  and  a'  v'  b',^.  288.,  face  each  other  so 
as  to  have  their  axes  coincident  and  their  concavities  in  opposite 
directions,  a  system  of  progressive  circular  waves  issuing  from  one 
focus  F,  will  be  followed  by  a  corresponding  system,  having  for  the 


Fig.  238. 

centre  the  other  focus  F'.  The  waves  which  diverge  from  F,  after 
striking  on  the  surface  A  y  B,  will  be  converted  into  a  series  of  straight 
parnilel  waves  moving  at  right  angles  to  v  v',  and  towards  v'.  These 
will  strike  the  surface  a'  v'  b',  and  after  being  reflected  from  it  will 
form  another  scries  of  circular  waves,  having  the  other  focus  F"  as 
their  common  centre. 

A  circular  surface,  if  its  extent  be  not  great,  compared  with  the 
length  of  its  radius,  may  be  considered  as  practically  coinciding  with 
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ft  parabolio  surface  whose  focus  is  at  the  middle  point  of  the  radius 
of  the  circular  surface. 

For  example,  let  a  'R^fig-  239.^  be  a  circular  arc,  whose  centre  is 
C|  and  whose  middle  point  is  v.     Let  f  be  the  middle  point  of  the 

radius  c  v.  Then  a  b  may  be  con- 
sidered as  so  nearly  coinciding  with 
Y              c  ^  parabola  whose   focus  is  F,  and 

.  . 1 whose  vertex  is  v,  that  it  itill  pos- 
sess all  the  properties  ascrilnKl  to  the 
parabola;  and  consequently  spherical 
p-     239  surfaces,  provided   tlieir   extent   be 

small  compared  with  their  diameters, 
will  have  all  the  properties  here  ascribed  to  pambolic  surfaces. 

SO"!*.  Experimental  illustrations  of  these  principles,  —  All  these 
effects  have  been  beautifully  verified  by  experiment  by  means  of 
expedients  contrived  by  the  Messrs.  Webber,  whose  arrangements, 
nevertheless,  for  this  object  admit  of  still  further  simplification. 

Experiment  1.  —  Let  a  trough  of  convenient  magnitude  be  par- 
tially filled  with  mercury,  so  as  to  present  a  surface  of  that  fluid  of 
sufficient  extent.  Let  a  piece  of  writing-paper  be  formed  into  a 
funnel,  with  an  extremely  small  opening  at  the  point,  so  as  to  allow 
a  minute  stream  of  mercury  to  flow  from  it.  Let  a  piece  of  sheet- 
iron,  having  a  perfectly  plane  surface,  be  now  immersed  vertically  in 
the  mercur}',  and  let  a  small  stream  descend  from  the  funnel  at  any 
point  upon  the  surface  of  the  mercury  in  the  vessel.  A  series  of  pro- 
gressive circular  waves  will  be  produced  around  the  point  where  the 
mercury  falls,  which  will  spread  around  it.  This  will  strike  the  plane 
surface  of  the  sheet  iron,  and  will  be  reflected  from  it,  forming  another 
series  of  circular  waves,  whose  centre  will  be  a  point  equally  distant 
^.n  the  other  side  of  the  sheet  iron,  as  already  described. 

Experiment  2.  —  Let  a  piece  of  sheet-iron  be  bent  into  the  form 
of  an  ellipse,  such  as  that  represented  in  Jig.  236. ;  and  let  the  posi- 
tion of  the  foci  be  indicated  by  a  small  wire  index  attached  to  it. 
Let  this  be  immersed  in  the  mercury  in  the  trough ;  and  let  the 
funnel  be  brought  directly  over  the.  point  of  the  index  which  marks 
the  position  of  one  of  the  foci.  When  the  mercury  is  allowed  to  fall, 
a  series  of  circular  waves  will  be  produced  round  that  focus,  and, 
i«triking  on  the  surface  of  the  iron,  will  be  reflected  from  it,  forming 
anotlier  series  of  circular  waves,  of  which  the  other  focus  is  the  centre 
as  already  expressed. 

Experiment  3.  —  Let  a  piece  of  sheet-iron  be  bent  into  the  form 
of  a  parabola,  as  represented  in  fig.  237.,  the  position  of  the  focus 
being,  as  before,  marked  by  an  index.  If  this  be  immersed  in  the 
mercury,  and  the  stream  be  let  fall  from  the  funnel  placed  at  the 
point  of  the  index,  a  series  of  circular  waves  will  Ik?  ^produced  around 
the  fiKUS,  which,  after  being  reflected  from  the  parabolic  surface,  will 
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be  converted  into  a  scries  of  parallel  straight  wavoa  at  right  angles  to 
its  axii^,  VLS  alre;uly  explained. 

Experiment  4.  —  Let  two  pieces  of  sheet-iron  formed  into  parabo- 
lic suifuces,  with  indices  phowing  the  foci,  be  immersed  in  the 
u)en*ury  in  sucli  a  position  that  their  axes  shall  be  in  the  same  direc- 
tion, and  their  concavities  facing  each  other.  From  the  funnel  let 
fall  a  stream  upon  one  fiKUS  F,  ^.  238.  Circular  waves  will  be 
formed  wliich,  after  reflection  from  the  adjacent  parabola,  will  become 
pamllol  waves,  and  after  a  second  reflection  from  the  opposite  para- 
bola will  ag:iin  become  circular  waves  with  the  other  focus  as  a  centre. 

Kxpcriment  5.  —  If  pieces  of  sheet-iron  be  bent  into  the  form  of 
small  circular  arcs  whose  length  is  small  compared  with  their  radius, 
the  same  effects  will  be  produced  as  those  which  were  produced  by 
parabolic  surfaces. 

800.  Phenomena  produced  when  two  systems  of  waves  encounter 
each  other.  —  When  two  waves  which  proceed  from  different  centres 
encounter  each  other,  effects  ensue  which  are  of  considerable  import- 
ance in  those  branches  of  physics  whose  theory  is  founded  upon  the 
principles  of  undulation. 

I.  If  the  elevation  of  one  wave  coincides  with  the  elevation  of  an- 
other, and  the  depressions  also  coincide,  a  wave  would  be  produced, 
the  height  of  whose  elevation,  and  the  depth  of  whose  depression, 
will  be  ei|ual  to  the  sum  of  the  heights  and  depths  of  the  elevation 
and  dopres.siim  of  the  two  waves  which  are  thus,  as  it  were,  super- 
posed. 

II.  If,  however,  the  elevation  of  one  wave  coincide  with  the  de- 
pression of  the  other,  and  vice  versdy  then  the  effect  will  be  a  wave 
whose  elevation  will  be  equal  to  the  difference  of  the  elevatiou,  and 
whose  depression  will  be  the  difference  of  the  depression  of  the  two 
waves  which  thus  meet. 

III.  If,  in  the  former  case,  the  heights  and  depressions  of  the 
waves  superposed  be  ecjual,  the  resulting  wave  will  have  double  the 
height  of  the  elevation,  and  double  the  depth  of  the  depression. 

IV.  If  the  heights  and  depressions  be  equal  in  the  second  case, 
the  two  waves  will  mutually  destroy  each  other,  and  no  undulation 
will  take  place  at  the  point  in  question ;  for  the  difference  of  eleva- 
tions and  the  difference  of  depresbions  being  nothing,  there  will  be 
neither  elevation  nor  depression. 

In  fact,  in  this  latter  case,  the  depression  of  each  wave  is  filled  up 
by  the  clovatiim  of  the  other. 

8 1 0.  Intcrfennre  of  waves.  —  This  phenomenon,  involving  the 
efTacemcnt  of  an  uinlulatiim  by  the  circumstance  of  two  waves  meet- 
ing in  the  manner  described,  is  called  in  the  theory  of  undulation  an 
interference  J  and  is  attended  with  remarkable  consequences  in  several 
branches  uf  physics. 
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811.  Kxpermenlal  illustration  of  it.  —  The  two  systems  of  waves 
formed  by  an  elliptical  surface,  and  propagated,  one  directly  around 
one  of  the  foci,  and  the  other  formed  by  reflection  around  the  other, 
exhibit,  in  a  very  beautiful  manner,  the  phenomena  not  only  of  reflec- 
tion, as  has  been  already  explained,  but  also  of  interference,  as  has 
been  shown  with  remarkable  elegance  by  the  Messrs.  Webber  already 
referred  to.  These  phenomena  are  represented  in  fig.  240.,  where  a 
and  b  are  the  two  foci.  The  strongly  marked  circles  indicate  the  elo- 
vation  of  the  waves  formed  around  each  focus,  and  the  more  lightly 


Fig.  240. 


traced  circles  indicate  their  depression.  The  points  where  the  strongly 
marked  circles  intersect  the  more  faintly  marked  circles,  being  points 
where  an  elevation  coincides  with  a  depression,  are  consequently 
points  of  interference,  according  to  what  has  been  just  explained. 
The  series  of  these  points  form  lines  of  interference,  which  are  marked 
in  the  diagnun  by  dotted  lines,  and  which,  as  will  be  seen,  have  the 
forms  of  ellipses  and  parabolas  round  the  same  foci. 

812.  Inflexion  of  waves,  —  If  a  series  of  waves  encounter  a  solid 
surface  in  which  there  is  an  opening  through  which  the  waves  may 
be  admitted,  the  series  will  be  continued  inside  the  opening,  and 
without  interruption ;  but  other  scries  of  progressive  waves  having  a 
circular  form  will  be  generated,  having  the  edge  of  the  opening  as 
their  centrbs. 

Let  M  N,  fig.  241.,  represent  such  a  surface,  having  an  opening 
whose  edges  are  a  and  b,  and  let  c  be  a  centre  from  which  a  scries  of  pro- 
gressivo  circular  waves  is  propagated.     These  waves,  entering  at  the 
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opening  A  B,  will  conUnne  ihdr oonne 
uninterrupted,  forming  the  circolir 
arcs  D  £.  But  around  a  and  b  as 
centres,  systems  of  progressive  cir- 
cular  waves  will  be  formed  which 
will  unite  with  the  waves  d  e,  com- 
pleting them  bj  circular  arcs  D  F  and 
s  F,  meeting  the  obstructing  sur£ice 
on  the  outside;  but  these  circular 
waves  will  also  be  formed  throughout 
the  remainder  of  their  extent,  as  in- 
dicated in  the  figure,  on  both  sides 
of  the  obstructing  surface,  and  intei^ 
secting  the  original  system  of  wares 
propagated  from  the  centre  c.  They 
will  also  form,  with  these,  series  of 
points  of  interference  according  to 
the  principles  already  explained. 

The  effects  here  described  as  pro- 
duced by  the  edges  of  an  opcoiug 
through  which  a  series  of  waves  is 
transmitted  arc  called  infection,  and 
it  will  appear  hereafter  that  they  form 
an  important  feature  in  several  branches  of  physics  whose  theory  is 
based  upon  the  principles  of  undulation. 

813.  Undulation  of  the  waters  of  the  globe,  —  The  undulations 
produced  upnn  a  hirge  scale  in  the  oceans,  lakes,  rivers,  and  other 
large  collections  of  wiitor  upon  the  surface  of  the  globe,  are  attended 
with  important  effects  on  the  economy  of  nature.  Without  these  the 
ocean  would  be  soon  rendered  putrid  by  the  mass  of  organized  matter 
which  would  be  mingled  with  it,  and  which  would  chiefly  float  at  its 
surface. 

The  principal  ph3^sical  cause  which  produces  these  undulations, 
where  they  take  place  on  a  moderate  scale,  is  the  motion  of  the  at- 
mosphere, but  on  a  large  scale  they  arc  produced  by  the  combined 
effects  of  the  attraction  of  the  sun  and  moon  exerted  upon  the  sur- 
face of  the  ocean.  The  immense  undulations  excited  by  these  at- 
tractions produce  the  phenomena  of  the  tides,  which  will  be  explained 
more  fully  in  a  subsequent  part  of  this  work. 


Fig.  241. 
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CHAP.    IV. 

tTNDULATION   OF  ELASTIC  FLUIDS. 

If  any  portion  of  the  atmosphere,  or  any  other  elastic  fluid  diffused 
through  space,  be  suddenly  compressed  and  immediately  relieved  from 
the  compressing  force,  it  will  expand  in  virtue  of  its  elasticity,  and, 
like  all  other  similar  examples  already  given,  will,  after  its  expansion, 
exceed  its  former  volume  to  a  certain  limited  extent,  after  which  it 
will  again  contract,  and  thus  oscillate  alternately  on  the  one  side  and 
on  the  other  of  its  position  of  repose. 

814.  Undulations  of  a  sphere  of  air,  —  "We  may  consider  this  ef- 
fect to  be  produced  upon  a  small  sphere  of  air  having  any  proposed 
ndius,  as,  for  example,  an  inch. 

Let  us  suppose  that  it  is  suddenly  compressed,  so  as  to  form  a 
sphere  of  half  an  inch  in  radius,  and  being  relieved  from  the  com- 
pressing force  it  expands  again,  and  surpassing  its  former  dimensions 
swells  into  a  sphere  of  an  inch  and  a  half.  *  It  will  again  contract 
and  return  to  the  magnitude  of  a  sphere,  with  a  radius  somewhat 
greater  than  half  an  inch,  and  will  again  expand,  and  so  oscillate, 
ferming  alternately  spheres  with  radii  less  and  greater  than  an  inch, 
until  at  length  the  oscillation  ceases,  and  it  resumes  permanently  its 
ori^nal  dimensions. 

These  oscillations  will  not  be  confined  to  the  single  sphere  of  air  in 
which  they  commenced ;  the  circumambient  air  will  necessarily  follow 
the  contracting  sphere  when  first  compressed,  so  that  a  spherical  shell 
of  air  which  lies  outside  the  sphere  will  expand  and  become  less  dense 
than  in  its  state  of  equilibrium. 

When  the  central  sphere  again  expands,  this  external  spherical 
shell  will  contract,  and  will  become  more  dense  than  in  its  state  of 
ecrailibriam.  This  shell  will  act  in  a  similar  manner  upon  another 
spherical  shell  outside  it,  and  this  upon  another  outside  it,  and  so  forth. 

If  then  we  suppose  a  number  of  successive  spheres  surrounding  the 
point  of  original  compression,  we  shall  have  a  series  of  spherical 
AcWb  of  air,  which  will  be  alternately  condensed  and  expanded  in  a 
greater  degree  than  when  in  a  state  of  repose. 

This  condensation  and  expansion  thus  spreading  spherically  round 
the  original  centre  of  disturbance,  is  in  all  respects  analogous  to  a 
series  of  circular  waves  forming  round  the  central  point  upon  the 
sarhce  of  a  liquid,  the  elevation  of  the  wave  in  the  case  of  the  liquid 
corresponding  to  the  condensation  in  the  case  of  the  gas,  and  the 
depression  of  the  wave  corresponding  to  the  expansion  of  the  gas. 

815.  Analym  of  the  propagation  of  an  undulation  through  an 
elatiie  Jluid.  —  We  will  limit  our  observations  in  the  first  instance  to 
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ft  single  Beriefl  of  particles  of  air,  cxpandiDg  in  a  straight  line  from 
the  centre  of  disturbance  A,^.  242.,  towards  T.  Let  8  A  represent 
the  space  through  which  the  disturbing  force  acts,  and  let  us  imagine 
this  air  suddenly  pressed  from  8  to  A  by  some  solid  surface  moving 
against  it,  and  let  us  suppose  that  this  motion  from  8  to  A  is  made  in 
a  80cond.  Now,  if  air  were  a  body  devoid  of  elasticity,  and  like  a 
perfectly  rigid  rod,  the  effect  of  thip  motion  of  the  solid  surface  from 
8  to  A  would  be  to  push  the  remote  extremity  t  through  a  space  to 
tiio  right  corresponding  with  and  equal  to  8  A. 

]^ut  such  an  effect  d()C8  not  take  place,  first,  because  air  is  higbly 
elastic,  and  has  a  tendency  to  yield  to  the  force  exerted  by  the  9cM 
surface  upon  it,  while  it  moves  from  8  to  a;  and  secondly,  because  to 
transmit  any  effect  from  A  to  a  remote  point,  such  as  T,  wonld  require 
a  much  greater  interval  of  time  than  that  which  elapses  during  the 
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movement  of  tlie  surface  from  s  to  A.  The  effect,  tlierefore,  of  the 
compression  in  the  interval  of  time  which  elapses  during  the  motion 
from  s  to  A  is  to  displace  the  particles  of  air  which  lie  at  a  certain 
definite  distance  to  the  right  of  A.  Jjct  this  distance,  for  example, 
be  A  B.  All  the  particles,  therefore,  of  air  which  lie  in  succession 
from  A  U}  B  will  be  affected  more  or  less  by  the  compression,  and  will 
consequently  be  brought  into  closer  contiguity  with  each  other;  but 
they  will  not  bo  equally  comj)ressed,  because  to  enable  the  series  of 
jKirticles  of  air  lying  between  A  and  B  to  assume  a  uniform  density 
requires  a  longer  time  than  elapses  during  the  motion  of  the  solid 
surface  from  s  to  A.  At  the  instant,  therefore,  of  the  arriyal  of  the 
compressing  surface  at  A,  the  line  of  particles  between  A  and  B  will 
bo  at  different  distances  from  each  other;  and  it  is  proved,  by  mathe- 
matical principles,  that  the  point  where  they  are  most  closely  com- 
pressed is  the  middle  point  m,  between  A  and  B,  and  therefore,  depart- 
ing from  this  middle  point  m,  in  either  direction,  they  are  less  and 
less  compressed. 

The  condition,  therefore,  of  the  air  between  A  and  B  is  as  follows. 
Its  density  gradually  increa.ses  from  A  to  m,  and  gradually  decreases 
from  m  to  n.  Now,  it  is  also  proved  that  the  effect  of  the  elastic 
force  of  the  air  is  such  that,  at  the  next  moment  of  time  after  the 
arrival  of  the  compressing  surface  at  A,  the  state  of  varying  compres- 
sion which  has  been  just  described  as  prevailing  between  A  and  B  will 
prevail  between  another  point  in  advance  of  A,  such  as  A',  and  a  point 
b'  ecjually  in  advance  of  B,  and  the  point  of  the  greatest  compression 
i^ill,  in  like  manner,  have  advanced  to  m',  at  the  same  distance  to  the 
ri^'ht  of  m.  In  short,  the  conditions  of  the  air  between  a'  and  b' 
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U  be  in  ftll  respccU  similar  to  its  condition  the  preTiouB  moment 
feween  A  and  b  ;  and  in  like  manner,  in  the  next  moment,  the  same 
adition  will  prevail  between  the  particles  a"  and  b"  to  the  right  of 
and  b'.  NoW;  it  must  be  observed  that  as  this  state  of  varying 
nsitj  prevails  from  left  to  right,  the  air  behind  it,  in  which  it 
rmerly  prevailed,  resumes  its  primitive  condition.  In  a  word,  the 
ite  of  varying  density  which  has  been  described  as  prevailing 
itwecit  A  and  b  at  the  moment  the  compressing  surface  arrived  at  a 
ill,  in  the  succeeding  moments,  advance  from  left  to  right  towards  t, 
id  will  so  advance  at  a  uniform  rate ;  the  distance  between  the  points 
By  a'  b',  and  a"  b",  &c.  always  remaining  the  same. 

816.  Aerial  undulations. — This  interval  between  the  points  A  and 
18  called  a  wave  or  undulation^  from  its  analogy,  not  only  in  form 
at  in  its  progressive  motion,  to  the  waves  formed  on  the  surfiice  of 
quids,  already  described ;  the  difference  being,  that  in  the  one  case 
le  centre  of  the  wave  is  the  point  of  greatest  elevation  of  the  sur- 
ice  of  the  liquid,  and  in  the  other  case  it  is  the  point  of  greatest 
radensation  or  compression  of  the  particles  of  the  air.  The  distance 
etwocn  A  and  b,  or  between  a'  and  b',  or  between  a"  and  b",  which 
Iways  remains  the  same  as  the  wave  progresses,  is  called  the  length 
ftke  wave. 

In  what  precedes  wu  have  supposed  the  compressing  surface  to  ad- 
anoe  from  8  to  a,  and  to  produce  a  compression  of  the  air  in  advance 
f  iL  Let  us  now  suppose  this  surface  to  be  at  a,  the  air  contiguous 
I  it  having  its  natural  density. 

If  the  wave  proceed  contrariwise  from  A  to  s,  the  air  which  was 
ODtignous  to  it  at  A  will  rush  after  it  in  virtue  of  its  elasticity,  so 
bat  the  air  to  the  right  of  a  will  be  disturbed  and  rendered  less 
enae  than  previously.  An  effect  will  be  produced,  in  fine,  precisely 
outrary  to  that  which  was  produced  when  the  wave  advanced  from  8 
9  A ;  the  consequence  of  which  will  be  that  a  change  will  be  made 
ipon  the  air  between  a  and  b  exactly  the  reverse  of  that  which  was 
ireTioasly  made,  that  is  to  say,  the  middle  jpoint  m  will  be  that  at 
rhich  the  rare&ction  will  be  greatest,  and  the  density  will  increase 
[laduallyy  proceeding  from  the  point  m  in  either  direction  towards  the 
Kxinto  A  and  B. 

The  same  observations  as  to  the  progressive  motion  will  be  appli- 
aUe  88  before^  only  that  the  centre  of  the  progression  m,  instead  of 
leiDf;  the  point  of  greatest  condensation,  will  be  the  point  of  least 
lenaitj. 

817.  Waves  condensed  and  rarefied,  —  The  space  a  b  is  also  in 
hie  case  denominated  a  wave  or  undulation.  But  these  two  species 
i  waves  are  distinguished  one  from  the  other  by  being  denominated, 
he  former  a  condensed  wave,  and  the  latter  a  rarefied  wave.  Now, 
et  it  be  supposed  that  the  compressing  surface  moves  alternately  back- 
raidi  and  ibrwarda  between  8  and  a,  making  its  excnrsionB  in  eqoa! 
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times.  The  two  scries  of  waves,  as  already  defined,  will  be  prodaoed 
in  succession.  While  the  condensed  wave  moves  from  8  towards  T, 
the  rarefied  wave  immediately  follows  it,  and  in  the  same  manner  this 
rarefied  wave  will  be  followed  by  another  condensed  wave,  produced 
by  the  next  oscillation,  and  so  on. 

The  analogy  of  these  phenomena  to  the  progressive  nndulation  o& 
the  surface  of  a  liquid,  as  already  described,  is  obvious  and  striking. 

What  has  been  here  described  with  reference  to  a  single  line  of 
particles  extending  from  the  centre  of  the  distance  A  in  a  particular 
direction,  is  equally  applicable  to  every  line  divei^ng  in  every  con- 
ceivable direction  around  such  centre,  and  hence  it  follows  that  the 
succession  of  condensed  and  rarefied  waves  will  be  propagated  round 
the  centre,  each  wave  forming  a  spherical  sur&ce,  which  is  continu- 
ally progressive  and  uniformly  enlarges,  the  wave  moving  from  the 
common  centre  with  a  uniform  motion. 

818.  Vehciiy  and  force  of  aerial  waves,  —  The  velocity  with 
which  such  undulations  are  propagated  through  the  atmosphere  de- 
pends on,  and  varies  with,  the  elasticity  of  the  fiuid. 

The  degree  of  compression  of  the  wave,  which  corresponds  to  the 
height  of  a  wave  in  the  case  of  liquids,  depends  on  the  energy  of  the 
disturbing  force. 

All  the  effects  which  have  been  described  in  the  case  of  waves 
formed  upon  the  surface  of  a  liquid  are  reproduced,  under  analogous 
conditions,  in  the  case  of  undulations  propagated  through  the  atmo- 
sphere. 

819.  Tlieir  interference,  —  Thus,  if  two  series  of  waves  coincide 
as  to  their  points  of  greatest  and  least  condensation,  a  series  will  be 
fonncd  whose  greatest  condensation  and  rarefaction  is  determined  by 
the  sum  of  points,  as  prevailing  in  the  separate  undulations;  and  if 
the  two  scries  arc  so  arranged  that  the  points  of  greatest  condensation 
of  the  one  coincide  with  the  greatest  rarefaction  of  the  other,  and 
vice  versdy  the  series  will  have  condensations  and  rarefacdons  deter- 
mined by  the  difference  of  each  of  the  separate  series;  and,  in  fine, 
if  in  this  latter  case  the  condensation  and  rarefactions  be  equal,  the 
undulations  will  mutually  efface  each  other,  and  the  phenomena  of 
intorfftrcnce,  already  described  as  to  liquids,  will  be  reproduced. 

As  the  undulations  produced  in  the  air  are  spread  over  spherical  smv 
faces  having  the  centre  of  disturbance  as  a  common  centre,  the  mag- 
nitude of  these  surfaces  will  bo  in  the  ratio  of  the  squares  of  their 
radii,  or  what  is  the  same,  of  the  squares  of  their  distances  from  the 
point  of  central  disturbance ;  and  as  the  intensity  of  the  wave  is 
diminished  in  proportion  to  the  space  over  which  it  is  diffused,  it  fel- 
lows that  the  effects  or  energy  of  these  waves  will  diminish  as  the 
■iquares  of  their  distances  from  the  centre  of  propagation  increase. 
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CHAPTER  I. 

PRODUCTION   AND  PROPAGATION   OF   SOUND. 

Sound  is  the  sensation  produced  in  the  organs  of  hearing  when 
they  are  affected  hj  unduktions  transmitted  through  the  atmosphere 
around  them.  These  undulations  arc  suhjcct  to  an  infinite  variety  of 
physical  conditions,  and  each  variety  is  followed  hy  a  different  sensa- 
tion. 

820.  Cause  of  unscUion  of  sound,  —  To  investigate  the  manner 
in  which  the  sensation  of  sound  is  produced  hy  the  vihrations  im- 
parted to  the  tympanum  of  the  ear  hy  the  undulations  of  the  atmo- 
sphere is  the  province  of  physiology )  hut  to  trace  the  connexion  he- 
twecn  the  various  sensations  of  which  we  are  conscious;  and  the  cor- 
responding variety  of  physical  conditions  affecting  the  undulations  of 
the  air  which  produce  them,  is  the  proper  business  of  physics. 

The  atmospheric  undulations  which  thus  produce  the  sensation  of 
sound  are  themselves  excited  usually  by  the  vibration  of  some  clastic 
bodies,  whose  condition  of  equilibrium  is  momentarily  disturbed,  and 
which  impart  to  the  air  in  contact  with  them  undulations  which  cor- 
respond with  and  arc  determined  by  such  vibration. 

The  vibrating  bodies  which  thus  impart  undulation  to  the  air  are 
called  sounding  or  sonorous  bodies,  and  the  air  is  said  to  be  a  propai- 
gator  or  conductor  of  sound,  and  is  sometimes  called  a  soniferous 
medium. 

The  sounding  body  does  not,  however,  invariably  act  in  a  direct 
manner  upon  the  air  which  conveys  the  undulation  to  the  organ  of 
hearing.  It  often  happens  that  the  vibrations  of  the  sounding  body 
are  fint  imported  to  other  bodies  susceptible  of  vibration,  and  after 
passing  through  a  succession  of  these,  the  undulation  is  finally  im* 
parted  to  the  air,  which  is  invariably  the  last  medium  in  the  sericsy 
and  that  from  which  the  organ  of  hearing  receives  it. 

821.  Presence  of  cur  necessary  to  the  production  of  sound.  — 
That  the  presence  of  air  or  other  conducting  medium  is  indispensable 
for  the  production  of  sound,  is  proved  by  the  following  experiment 
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Let  a  small  apparatus  called  an  alarum,  consifltine  of  a  bell,  the 
tongue  of  which  is  goyerned  by  a  striuff,  be  placed  nnoer  the  receiyer 
of  an  air-pump,  through  the  top  of  which  a  rod  alideB,  air-tight,  the 
end  of  the  rod  being  connected  with  a  detent  whiek  gOTems  the  mo- 
tion of  the  tongue  through  the  intervention  of  the  string.  This  rod 
can,  by  a  handle  placed  outside  the  receiver,  be  made  to  disengage 
the  string,  so  as  to  make  the  bell  within  it  ring  whenever  it  is  do- 
aired. 

This  arrangement  being  made,  and  the  alarum  being  placed  within 
the  receiver,  upon  a  soft  cushion  of  wool,  so  as  to  prevent  the  vibra- 
tion from  being  communicated  to  the  pump-plate,  let  the  receiver  be 
exhausted  in  the  usual  way.  When  the  air  has  been  withdrawn,  let 
the  bell  be  made  to  rins  by  means  of  the  sliding  rod.  No  sound 
will  be  heard,  although  the  percussion  of  the  tongue  upon  the  bdl, 
and  the  \ibration  of  the  bell  itself,  are  visible.  Now  if  a  little  air  be 
admitted  into  the  receiver,  a  faint  sound  will  be^n  to  be  heard,  and 
this  sound  will  become  gradually  louder  in  proportion  aa  the  air  is 
gradually  readmitted. 

In  this  case  the  vibrations  which  directly  act  upon  the  ear  are  not 
those  of  the  air  cont;iincd  in  the  receiver.  These  latter  act  upon  the 
receiver  itself  and  the  pump-plate,  producing  in  them  sympathetic 
vibration ;  and  those  vibrations  impart  vibrations  to  the  external  air 
which  are  transmitted  to  the  ear. 

If  in  the  preceding  experiment  a  cushion  had  not  been  interposed 
between  the  alarum  and  the  pump-plate,  the  sound  of  the  bell  would 
have  been  audible,  notwithstanding  the  absence  of  air  from  the  re- 
ceiver. The  vibration  in  this  case  would  have  been  propagated,  first 
from  the  bell  to  the  pump-plate  and  to  the  bodies  in  contact  with  it, 
and  thence  to  the  external  air. 

^22.  A  conlinuoua  body  of  air  not  necessary.  —  Persons  shut  up 
in  a  close  rnmn  are  sensible  of  sounds  produced  at  a  distance  outside 
such  room ;  and  they  may  be  equally  sensible  of  these,  even  though 
the  windows  and  dfM)rs  should  be  absolutely  air-tight.  In  such  case 
the  undulations  of  the  external  air  produce  sympathetic  vibration  on 
the  windows,  doors,  or  walls  by  which  the  hearers  are  enclosed,  and 
then  produce  corresponding  vibrations  in  the  air  within  the  room,  by 
which  the  organs  of  hearing  are  immediately  affected. 

S'JIj.  Propagation  of  sound  progressive.  —  It  has  been  shown  in 
the  last  Book  that  the  propagation  of  undulations  through  the  atmo- 
sphere is  progressive ;  and  if  it  be  admitted  that  such  undulations  are 
the  agencies  by  which  the  sense  of  hearing  is  affected,  it  will  follow 
that  an  interval  of  time,  more  or  less,  must  elapse  between  the  vi- 
bration of  the  sounding  body  and  the  perception  of  the  sound  by  a 
hearer,  and  that  such  interval  will  be  proportionate  to  the  distance  of 
the  hearer  from  the  sounding  body,  and  to  the  velocity  with  which 
found  is  propagated  through  the  intervening  medium.     But  this  pro- 
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gressire  propagation  of  sound  can  also  be  direcUj  proved  by  cxpcri- 
uent. 

Let  a  aeries  of  observers,  A,  b,  c,  d,  &c.;  be  placed  in  a  line,  at  dis- 
tances of  about  1000  feet  asunder,  and  let  a  pistol  be  discharged  at  P, 
iboat  1000  feet  from  the  first  observer. 


This  observer  will  see  the  flash  of  the  pistol  about  one  second  bc- 
fare  be  hears  the  report  The  observer  B  will  hear  the  report  one 
Kcond  after  it  has  been  heard  by  A,  and  about  two  seconds  after  bo 
sees  the  flash.  In  the  same  manner,  the  third  observer  at  c  will  hear 
the  report  one  second  after  it  has  been  heard  by  the  observer  at  n, 
and  two  seconds  after  it  has  been  heard  by  the  observer  at  a,  and 
three  seconds  after  he  perceives  the  flash.  In  the  same  way,  tho 
fourth  observer  at  d  will  hear  the  report  one  second  later  than  it  was 
beard  bj  the  third  observer  at  c,  and  three  seconds  later  than  it  was 
heard  by  the  observer  at  a,  and  four  seconds  after  he  perceives  the 
flash. 

Now  it  must  be  observed,  that  at  the  moment  the  report  is  heard 
br  the  second  observer  at  B,  it  has  ceased  to  be  audible  to  the  first 
OMerver  at  A ;  and  when  it  is  heard  by  the  third  observer  at  c,  it  has 
eeaaed  to  be  heard  by  the  second  observer  at  B,  and  so  forth.  It  fol- 
lows, therefore,  from  this,  that  sound  passes  through  the  air,  not  in- 
stantaneously, but  progressively,  and  at  a  uniform  rate. 

824.  Bread/h  of  sonorous  waves. — As  the  sensation  of  sound  is  pro- 
duced by  the  wave  of  air  impinging  on  the  membrane  of  the  ear-drum 
exactly  as  the  momentum  of  a  wave  of  the  sea  would  strike  the  shore, 
it  follows  that  the  interval  between  the  production  of  sound  and  its 
sensation  is  the  time  which  such  a  wave  would  take  to  pass  through 
the  air  from  the  sounding  body  to  the  ear ;  and  since  these  waves  arc 
propagated  through  tho  air  in  regular  succession,  one  following  an- 
other without  overlaying  each  other,  as  in  the  case  of  waves  upon  a 
liqiudy  the  breadth  of  a  wave  may  always  be  determined  if  we  take 
the  number  of  vibrations  which  the  sounding  body  makes  in  a  second, 
and  the  velocity  with  which  the  sound  passes  through  the  air.  If, 
for  example,  it  be  known  that  in  a  second  a  musical  string  make  500 
vibrations,  and  that  the  sound  of  this  string  take  a  second  to  reach 
the  ear  of  a  person  at  a  distance  of  1000  feet,  there  are  500  waves  in 
the  distance  of  1000  feet,  and  consequently  each  wave  measures  two 
feet 

The  velocity  of  the  sound,  therefore,  and  the  rate  of  vibration,  are 
always  sufficient  data  by  which  the  length  of  a  sonorous  wave  can  be 
eomputed. 

825.  Distinction  beltoeen  musical  sounds  and  ordinary  sounds.  — 
It  has  not  been  ascertained,  with  any  clearness  or  certainty,  by  what 
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physical  distinctions  vibratioDs  which  prodoce  oommon  sounds  oi 
noises  are  distinguished  from  such  as  produce  musical  soands.  It  is 
nevertheless  certain,  that  all  vibrations,  in  proportion  as  they  are 
regular,  uniform,  and  equal,  produce  sounds  proportionably  more 
agreeable  and  musical. 

^^ounds  arc  distinguished  from  each  other  by  their  pitch  or  tone,  in 
virtue  of  which  they  are  high  or  low ;  by  their  intensity,  in  virtoe  of 
which  they  arc  loud  or  soft ;  and  by  a  property  expressed  in  French 
by  the  word  timhrcy  which  we  shall  here  sdopt  in  the  absence  of  any 
English  equivalent. 

826.  Pitch  of  a  sound,  —  The  pitch  or  tone  of  a  sound  is  grave  or 
acute.  In  the  former  case  it  is  low,  and  in  the  latter  high,  in  the 
musical  scale.  It  will  be  shown  hereafter  that  the  physical  condition 
which  determines  this  property  of  sound  is  the  rate  of  vibration  of  the 
sounding  body. 

The  more  rapid  the  vibrations  are,  the  more  acute  will  be  the 
sound.  A  bass  note  is  produced  by  vibrations  much  less  rapid  thtn 
a  note  in  the  treble.  But  it  will  also  bo  shown  that  the  length  of 
the  sonorous  wave  depends  on  the  rate  of  vibration  of  the  body  which 
produces  it :  the  slower  the  rate  of  vibration,  the  longer  will  be  the 
wave,  and  the  more  grave  the  tone. 

All  vibrations  which  are  performed  at  the  same  rate  produced 
waves  of  equal  length  and  sounds  of  the  same  pitch. 

827.  Intensity  or  loudness, —  The  intensity  of  a  sound,  or  its  degree 
of  loudness,  depends  on  the  force  with  which  the  vibrations  of  the 
sounding  body  arc  made,  and  consequently  upon  the  degree  of  con- 
densation proiiuccd  at  the  middle  of  the  sonorous  wave.  Waves  of 
equal  length,  but  having  different  degrees  of  condensation  at  their 
centres,  will  produce  notes  of  the  same  pitch,  but  of  different  degrees 
of  loudness,  in  proportion  to  such  degrees  of  condensation. 

828.  Timbre  of  a  sound.  — The  timbre  of  a  sound  is  not  easily 
explained,  and  still  less  easily  can  the  physical  conditions  on  which 
it  depends  be  ascertained.  If  we  hear  the  same  musical  note  pro- 
duced with  the  same  degree  of  loudness  in  an  adjacent  room  succes- 
sively upon  a  flute,  a  clarionet,  and  a  hautboy,  we  shall,  without  the 
least  hesitation,  distinguish  the  one  instrument  from  the  other.  Now 
this  distinction  is  made  by  observing  some  peculiarity  in  the  notes 
produced,  yet  the  notes  shall  be  the  same,  and  be  produced  with  equal 
loudness. 

This  property,  by  which  the  one  sound  is  distinguished^from  the 
other,  is  called  the  timbre. 

829.  ^11  sounds  propagated  with  the  same  velocity.  —  All  sounds, 
whatever  bo  their  pitch,  intensity,  or  timbre,  are  propagated  through 
the  same  medium  with  the  same  velocity.  That  this  is  the  case,  is 
manifest  from  the  absence  of  all  confusion  in  the  effects  of  music,  at 
whatever  distance  it  may  be  heard.     If  the  different  notes  simulta- 
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Beooalj  produced  bj  the  various  instruments  of  an  orchestra  moved 
with  different  velocities  through  the  air,  they  would  be  heard  by  a 
^stant  auditor  at  different  moments,  the  consequence  of  which  would 
be,  that  a  musical  performance  would,  to  the  auditors,  save  those  in 
immediate  proximity  with  the  performers,  produce  the  most  intole- 
rable confusion  and  cacophony;  for  different  notes  produced  simulta- 
neously, and  which,  when  heard  together,  form  harmony,  would  at  a 
distance  be  heard  in  succession*;  and  sounds  produced  in  succession 
will  be  heard  as  if  produced  together,  according  to  the  different  velo- 
cities with  which  each  note  would  pass  through  the  air. 

830.  Experiments  on  the  velocity  of  sound.  —  The  velocity  of 
toand  varies  with  the  elasticity  of  the  medium  by  which  it  is  pro- 
pagated. Its  velocity,  therefore,  through  the  air  will  vary,  more  or 
less,  with  the  barometer  and  thermometer. 

*  The  experimental  methods  which  have  been  adopted  to  ascertain 
the  velocity  of  sound  are  similar  in  principle  to  those  which  have 
been  briefly  noticed  by  way  of  illustration.  The  most  extensive  and 
aoenrate  system  of  experiments  which  have  been  made  with  this  ob- 
jecty  were  those  made  at  Paris  by  the  Board  of  Longitude  in  the 
year  1822.  The  sounding  bodies  used  on  this  occasion,  were  pieces 
of  artillery  charged  with  from  two  to  three  pounds  of  powder,  which 
were  placed  at  Villejuif  and  Montlh6ry.  The  experiments  were 
made  at  midnight,  in  order  that  the  flash  might  be  more  easily  and 
iccorately  noticed.  They  were  conducted  by  MM.  Prony,  Arago, 
Hathieu,  Humboldt,  Gay  Lussac,  and  Bouvard.  The  result  of  these 
experiments  was,  that  when  the  barometer  was  at  29*8  inches,  and 
the  thermometer  at  61^,  the  velocity  of  sound  was  1118-39  feet  per 
seoond. 

By  calculation  it  is  ascertained,  that  at  the  temperature  of  50^,  the 
Telocity  would  be  1106*58  feet  per  second;  and  at  32^,  the  velocity 
woaM  be  1086*37  feet  per  second. 

Thus  it  appears,  that  between  50^  and  61^,  the  velocity  of  sound 
increases  about  1*07  feet  per  second  for  every  degree  which  the 
^ermometer  rises;  and  between  50^  and  32^  it  increases  at  the 
meaa  rate  of  1*12  feet  per  second  for  each  degree  in  the  rise  of  the 
thermometer. 

831.  Method  of  estimating  the  distance  of  a  sounding  body  ^ 
veheitjf  of  sound.  —  The  velocity  of  sound  being  known,  the  dis- 
tance of  a  sounding  body  can  always  be  computed  by  comparing 
the  moment  the  sound  is  produced  with  the  moment  at  whicn  it  is 
heard. 

The  production  of  sound  is  in  many  cases  attended  with  the  evo- 
lution of  light,  as,  for  example,  in  fire-arms  and  explosions  generally, 
and  in  the  case  of  atmospheric  electricity.  In  these  cases,  by  noting 
the  interval  between  the  flash  and  the  report,  and  multiplying  the 
nnmbei  of  seconds  in  each  interval  by  the  number  of  feet  per  second 

N  4-27 


146  SOUND. 

in  the  velocity  of  sound,  the  distance  can  be  aacertuned  with  great 
precision.  Thus,  if  a  flash  of  lightning  be  seen  ten  seconda  before 
the  thunder  which  attends  it  is  heard,  and  the  atmosphere  be  in  Boch 
condition  that  the  velocity  of  sound  is  1120  feet  per  second,  it  is  evi- 
dent that  the  distance  of  the  cloud  in  which  the  electricity  is  evolved 
must  be  11,200  feet. 

Among  the  numerous  discoveries  bequeathed  to  the  world  by  New- 
ton, was  a  calculation,  by  theory,  of  the  velocity  with  which  sound 
was  propagated  through  the  air.  This  calculation,  based  upon  the 
elasticity  and  temperature  of  the  air,  gave  as  a  result  about  one-sixth 
less  than  that  which  resulted  from  experiments. 

This  discrepancy  remained  without  sads&ctory  explanation  until  it 
was  solved  by  Laplace,  who  showed  that  it  arose  from  the  fact  thit 
Newton  had  neglected  to  take  into  account,  in  his  computation,  the 
effects  of  the  heat  developed  and  absorbed  by  the  alternate  compres* 
eion  and  rarefaction  of  the  air  produced  in  the  sonorous  undulations. 
Laplace,  taking  account  of  these,  ^ve  a  formula  for  the  velocity  of 
sound  which  corresponds  in  its  results  exactly  with  experiment. 

832.  ^il  gases  and  vapours  conduct  sound  —  experimental  illus- 
tration. — As  all  elastic  fluids  are,  in  common  with  air,  susceptible  of 
undulation,  they  are  equally  capable  of  transmitting  sound. 

This  may  be  rendered  experimentally  evident  by  the  following 
means.  Let  the  alarum  be  placed  under  the  receiver  of  an  air-pump, 
as  already  described,  and  let  the  receiver  be  exhausted.  If,  instead 
of  introducing  atmospheric  air  into  the  receiver,  we  introduce  any 
other  elastic  fluid,  the  sound  of  the  alarum  will  become  gradually 
audible,  according  to  the  quantity  of  such  fluid  which  is  introduced 
under  the  receiver.  If  a  drop  of  any  liquid  which  is  easily  evapo- 
rated be  introduced,  the  atmosphere  of  vapour  which  is  thus  pro- 
duced will  also  render  the  alarum  audible. 

833.  The  intensity  of  a  sound  increases  with  the  density  of  the 
propagating  medium. — The  same  sounding  body  will  produce  a  louder 
or  lower  sound,  according  as  the  density  of  the  air  which  surrounds  it 
is  increased  or  diminished.  In  the  experiment  already  explained,  in 
which  the  alarum  was  placed  under  an  exhausted  receiver,  the  sound 
increased  in  loudness  as  more  and  more  air  was  admitted  within  the 
receiver.  If  the  alarum  had  been  placed  under  a  condenser,  and 
highly  compressed  air  collected  round  it,  the  sound  would  be  still 
further  increased. 

When  persons  descend  to  any  considerable  depth  in  a  diring-bell, 
the  atmosphere  around  them  is  compressed  by  the  weight  of  the 
column  of  water  above  them.  In  such  circumstances,  a  whisper  is 
almost  as  loud  as  the  common  voice  in  the  open  air,  and  when  one 
apeaks  with  the  ordinary  force  it  produces  an  effect  so  loud  as  to  be 
painful. 

On  the  summit  of  lofty  mountains,  where  the  barometric  column 
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Ub  to  one-half  its  nsnal  elcYation,  and  where  therefore  the  air  is 
highly  rarefied,  sounds  are  greatly  diminished  in  intensity.  Persons 
who  ascend  in  halloons  find  it  necessary  to  speak  with  much  greater 
exertion,  and  as  would  be  said  louder,  in  order  to  render  themselves 
aodiUe.  When  Saussure  ascended  Mont  Blanc,  he  found  that  tho 
report  of  a  pistol  was  not  louder  than  a  common  cracker. 

834.  Calm  air  favourable  to  the  propagation  of  sound, — Violent 
winds  and  other  atmospheric  agitations  affect  the  transmission  of 
MNind. 

When  a  strong  wind  blows  from  the  hearer  towards  the  sounding 
bodji  a  sound  often  ceases  to  be  heard  which  would  be  distinctly  audible 
in  a  calm.  A  tranquil  and  frosty  atmosphere  placed  over  a  smooth 
and  level  surface  is  favourable  to  the  transmission  of  sound.  Idcu- 
ienant  Forster  held  a  conversation  with  a  person  on  tho  opposite  side 
of  the  harbour  of  Port  Bowen,  in  the  third  polar  expedition  of  Sir 
Idward  F^ury,  the  distance  between  the  speaJicrs  being  more  than  a 
Bile. 

It  is  said  that  the  sound  of  the  cannon  at  the  battle  of  Waterloo 
waa  heard  at  Dover,  and  that  the  cannon  in  naval  engagements  in  the 
Su^ish  Channel  have  been  heard  in  the  centre  of  England. 

m5.  J^ansmisaion  of  sound  through  liquids  and  solids, — Liquids 
■n  also  capable  of  propagating  sound.  Divers  can  render  themselves 
ndiUe  at  the  snrfiico  of  the  water;  and  stones  or  other  objects  struck 
looether  at  the  bottom  produce  a  sound  audible  at  the  surface. 

It  appears  from  the  experiments  of  M.  Colladon,  made  at  Geneva^ 
Aaft  sonnds  are  transmitted  through  water  to  great  distances  with 

rter  feiroe  than  through  air.     A  blow  struck  under  the  water  of 
Lake  of  Geneva,  was  distinctly  heard  across  the  whole  breadth 
of  the  lake,  a  distance  of  nine  miles. 

SdBd  bodies,  such  as  walls  or  buildings,  interposed  between  the 
wwndiiig  body  and  the  hearer,  diminish  the  loudness  of  tho  sound, 
but  do  not  obstruct  it  when  the  sound  is  made  in  air;  but  it  appears 
from  the  experiments  of  M.  Colladon,  that  the  interposition  of  such 
\  almost  destroys  the  transmission  of  sound  in  water. 


886.  Inierference  of  sonorous  waves,  —  two  sounds  may  produce 
dkmce.  —  When  two  series  of  sonorous  undulations  propagated  from 
different  sounding  bodies  intersect  each  other,  the  phenomena  of  in- 
tjrference  exphuned  in  the  theory  of  undulation  are  produced,  and  an 
ear  placed  at  such  a  point  of  interference  will  not  be  affected  by  any 
sense  of  sound,  so  long  as  the  two  sounding  bodies  continue  to  vibrate; 
but  the  moment  tho  vibration  of  either  of  the  two  is  discontinued, 
tlie  other  will  become  audible.  Thus,  it  appears  that  two  sounds 
reaching  the  ear  together,  instead  of  producing,  as  might  be  expected, 
a  lender  sound  than  either  would  produce  alone,  may  altogether  de- 
■tiOT  each  other  and  produce  silence. 

niis  phenomenon  is  precisely  analogous  to  the  case  of  two  series  of 
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waves  formed  upon  the  snrfiwe  of  the  same  liquidy  at  a  point  when 
the  elevation  of  a  wave  of  one  series  coincides  with  the  depresAon  of 
a  wave  of  the  other. 

If  two  sounding  bodies  were  placed  in  the  foci  of  an  ellipee,  as 
represented  iniig,  236.^  an  ear  placed  on  any  of  the  lines  of  inter- 
ference there  indicated  would  be  conscious  of  no  sound;  but  the 
moment  that  either  of  the  two  sounding  bodies  became  silent,  the 
other  would  be  heard ;  or  if  the  ear  of  ue  listener  were  removed  to 
a  position  midway  between  two  lines  of  interference,  then  both  sounds 
would  be  heard  simultaneously,  and  combined  would  be  louder  than 
either  alone. 

837.  Experimental  illustration  of  interference  of  sound,  —  This 
phenomenon  of  interference  may  be  produced  in  a  striking  manner 
by  means  of  the  common  tuning-fork^  used  to  regulate  the  pitch  of 
musical  instruments. 

Let  A  and  B,fg,  243.,  be  two  cylindrical  glass  vessels,  held  at  rigbt 
angles  to  each  other,  and  let  the  tuning-fork, 
after  it  has  been  put  in  vibration,  be  held  in 
the  middle  of  the  angle  formed  by  their 
mouths.  Although,  under  such  circumstances, 
the  vibration  of  the  tuning-fork  will  be  im- 
parted to  the  columns  of  air  included  within 
the  two  cylinders,  no  sound  will  be  heard ;  but 
Fiff  243  ^^  cither  cylinder  be  removed,  the  sound  will 

be  distinctly  audible  in  the  other.  In  this 
case,  the  silence  produced  by  the  combined  sounds  is  the  consequence 
of  iiitorfcronce. 

Another  example  of  this  phenomenon  may  be  produced  by  the 
tuning-fork  itself.  If  this  instrument,  after  being  put  into  vibration, 
be  held  at  a  jrrcat  distiince  from  the  ear,  and  slowly  turned  round  its 
axis,  a  position  of  the  prongs  will  be  ft^und  at  which  the  sound  will 
become  inaudible.  This  position  will  correspond  to  the  points  of  in- 
terference of  the  two  systems  of  undulation  propagated  from  the  two 
pron*rs. 

8iJ8.  Examples  of  sound  propagated  by  so/ic^5.  —  Solids  which 
possess  elasticity  have  likewise  the  power  of  propagating  sound.  If 
the  end  of  a  beam  composed  of  any  solid  possessing  elasticity  be  lightly 
scratched  or  rubbed,  the  sound  will  be  distinct  to  an  ear  placed  at  the 
other  end,  although  the  same  sound  would  not  be  audible  to  the  car 
of  the  person  who  produces  it,  and  who  is  contiguous  to  the  place  of 
its  origin. 

The  earth  itself  conducts  sound,  so  as  to  render  it  sensible  to  the 
car  when  the  air  fails  to  do  so.  It  is  well  known,  that  the  approach 
of  a  troop  of  horse  can  be  heard  at  a  distance  by  putting  the  ear  to 
the  ground.  In  volcanic  countries,  it  is  said  that  the  rumbling  noise 
which  is  usually  the  prognostic  of  an  eruption  is  first  heard  by  the 
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(■en^ts  of  the  field,  because  their  ears  are  generally  near  the  gronndy 
and  they  then  by  their  a^tation  and  alarm  give  warning  to  the  in- 
habitants of  the  approaching  catastrophe.  Savage  tribes  are  well 
known  to  practise  this  method  of  ascertaining  the  approach  of  persons 
from  a  great  distance. 

The  velocity  with  which  sound  is  propagated  through  different 
media  varies  with  their  different  physical  conditions. 

In  the  following  table  are  given  the  velocities  with  which  sound  is 
iropagated  through  the  several  liquids  therein  named,  the  temperature 

ling  50*>. 


TABLE. 
839.  Yelooities  or  Sound  in  Liquids  at  50^  Fahb. 


Snlphnrio  ether 

Aleohol 

Hydroehlorio  ether 

Esaenee  of  turpentine 

Water 

Mercury < 

Nitric  acid , 

Water  of  ammonia  (saturated), 


Spedflo 
Onrltj. 


•712 
•796 
•874 
•870 

1000 
18-&44 

1-408 
•900 


Compresalbilitj 

under  one  Atmo- 

■phov  in  Mil> 

UonthR  of 

prlmitiTe  Volume. 


131-85 
94-95 
84-25 
71-85 
4785 
888 
80-55 
38-05 


VelodtjoT 
Sound  in 
Feet  per 
Seoond. 


8,409 
8.796 
8,884 
4,186 
4.767 
4.869 
5.086 
6.044 


840.  Table  bhowing  the  Velocities  of  Sound  as  propagated 
bt  various  solid  substances. 


Whalebone 

Tin 

SUver 

Walnut ... 

Tew 

BraM 

Oak 

Plmn-tree 

Tobacco-pipes . 

Copper 

Pear-tree   i 
Bed-bccoh  C  '" 
Ub^ 


Velodtlee  (that  thnnigh 
Air  beinx  1.) 

666 

7-50 

900 


n2 


.    10-66 

flOOO 
•  1 12.00 
.     1200 

.     1250 

.     18*88 
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Air  Magi). 


1440 


Mfthogany-wood " 

Ebony 

Horn-beam .... 

Elm 

Alder 

Birch 

cfc  \ 1^-00 

Pine...  \ ^^^ 

Glass.. ) 

Iron...  V 16-66 

Steel..  J 


841.  Effects  of  elasticity  of  air,  —  The  Telocity  with  which  soimd 
18  transmitted  through  the  ur  varies  with  its  elastioitj;  and  where 
different  strata  are  rendered  differently  elastic  by  the  anequal  radia- 
tion of  heat,  the  agency  of  electricity  or  other  cansesy  the  tnuismisnoii 
(»f  sound  will  be  irregular.  In  passing  from  stratum  to  stratum  differ- 
ing in  elasticity,  the  speed  with  which  sound  is  propagated  is  not  only 
varied,  but  the  force  of  the  intensity  of  the  undulations  is  diminish^ 
by  the  combined  effects  of  reflection  and  interference,  so  that  tht 
sound,  on  reaching  the  ear,  after  passing  through  such  varying  media, 
is  often  very  much  diminished. 

The  fact,  that  distant  sounds  are  more  distinctly  heard  by  night 
than  by  day,  may  be  in  part  accounted  for  by  this  circumstanoei  the 
strata  of  the  atmosphere  being  during  the  day  exposed  to  vicissitudes 
of  temperature  more  varying  than  during  the  night 

842.  Bioi*s  experiment  on  the  relative  velocities  of  $ound  in  air 
and  metal.  —  The  relative  velocities  of  sound,  as  transmitted  by  air 
and  by  metal,  arc  illustrated  by  the  following  remarkable  experiment 
of  Biot :  —  A  bell  was  suspended  at  the  centre  of  the  month  of  a 
metal  tube  3000  feet  long,  and  a  ring  of  metal  was  at  the  same  time 
placed  close  to  the  metal  forming  the  mouth  of  the  tube,  so  that  when 
the  ring  was  sounded  its  vibrations  might  affect  the  metaJ  of  the  tube, 
and  when  the  bell  was  sounded  its  vibrations  might  afiect  only  the  air 
included  within  the  tube.  A  hammer  was  so  adapted  as  to  etnke  the 
ring  and  the  bell  simultaneously.  When  this  was  done,  an  ear  placed 
at  the  remote  end  of  the  tube  heard  the  sound  of  the  ring,  and  after 
a  considerable  interval  heard  the  sound  of  the  bell. 

843.  ChladnPs  experiment  on  hearing.  —  The  solids  composing 
the  body  of  an  animal  are  capable  of  transmitting  the  sonorous  un- 
dulations to  the  organ  of  hearing,  even  though  &e  air  surrounding 
that  organ  be  excluded  from  communicating  with  the  origin  of  the 
sound. 

Chladni  showed  that  two  persons  sU^^pping  their  ears  oould  converse 
with  each  other  by  holding  the  same  stick  between  their  teeth,  or  by 
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mting  tlieir  toeth  upon  the  same  solid.  The  same  effect  was  jpto* 
iuoed  when  the  stick  was  pressed  against  the  breast  or  the  throaty  and 
Hher  parts  of  the  body. 

If  a  person  speak,  directing  his  mouth  into  a  vessel  composed  of 
my  yibratory  substance,  such  as  glass  or  porcelain,  the  other  stopping 
his  ears,  and  touching  such  vessel  with  a  stick  held  between  his  teeth, 
he  will  hear  the  words  spoken. 

The  same  effect  will  teke  place  with  vessels  composed  of  metal  o 
wood. 

If  two  persons  hold  between  their  teeth  the  same  thread,  stopping 
their  ears,  they  would  hear  each  other  speak,  provided  the  thread  be 
stretched  tight. 

844.  Loudness  dependent  on  distance,  —  It  has  been  shown  that 
while  the  pitch  of  a  sound  depends  upon  the  length  of  the  sonorous 
wave,  or,  what  is  the  same,  the  number  of  waves  which  strike  the  ear 
per  second,  the  loudness  depends  on  the  dcCTee  of  condensation  or 
rarefaction  produced  in  each  such  wave;  but  Uie  loudness  is  also  de- 
pendent on  the  distance  of  the  hearer  from  the  sounding  body;  and 
Iher^ore,  when  it  is  stated  that  it  is  proportional  to  the  condensation 
and  nure&ction  of  the  sonorous  waves,  the  estimate  must  be  nndez^ 
itood  to  be  applied  to  sounds  heard  at  the  same  distance  from  their 
origin. 

In  explaining  the  general  theory  of  undulations,  it  has  been  shown 
Aftt  as  Ui6  undulation  spreads  round  the  centre  from  which  it  ema- 
aetflBy  its  intensity  diminishes  as  the  square  of  the  distance  is  anfl- 
jBeotad;  aad  this  general  principle  consequently  becomes  applicable 
to  iODoroiiB  nndnli^ns;  and  therefore,  when  other  things  are  the 
PHDOy  the  intensity  or  loudness  of  the  sound  diminishes  in  ihe  same 
proportion  as  the  square  of  the  distance  of  the  hearer  from  the  sonnd- 
uig  bodT  is  augmented.  Thus  in  a  theatre,  if  the  liiuaur  <^|tnAnM<»^l 
bedouhiiedy  ot&r  arrangements  being  the  same,  the  loudness  of  .the 
performers'  voices,  as  heard  at  any  part  of  its  cirwimferenoei  will  be 
dkunSahed  in  a  fouifold  proportion. 


CHAP.  n. 

TIBEATIONB  OF  MU8I0AL  SOUNDS. 

845.   The  numoehord,  — Of  the  various  forms  of  appaniiiB  wUbh 

have  been  contrived  for  the  production  of  musical  sounds  with  a  view 

to  the  experimental  illustration  of  their  theory,  that  which  la  beil 

adapted  for  this  purpose  are  those  which,  under  various  denomiaalfenai 
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oonsiKt  of  strings  submitted  to  tension  over  a  sounding-board.  An 
instrument  of  tbis  form,  consisting  of  a  single  string,  and  called  a 
monochord  or  sonometer^  is  represented  in  Jig,  244.     It  consists  of  a 


Fig.  844. 

string  of  catgut  or  wire  attacbed  to  a  fixed  point  at  c,  carried  over  a 
pulley  at  m,  and  stretcbed  by  a  known  weight  p.  Under  tbe  string 
is  a  hollow  box  or  sounding-board,  to  the  frame  of  which  the  pulley 
m  is  attached.  The  string  rests  upon  two  bridges,  one  of  which/  is 
fixed,  and  the  other  h  can  be  moved  with  a  sliding  motion  to  or  from 
y,  so  as  to  vary  at  pleasure  the  length  of  the  part  of  the  string  in- 
cluded between  the  two  bridges. 

A  divided  scale  is  placed  under  them,  so  that  the  length  of  the 
vibrating  part  of  the  string  may  be  regulated  at  pleasure.  By  vary- 
ing the  weight  /?,  the  tension  of  the  string  may  be  increased  or  dimin- 
ished in  any  desired  proportion.  This  may  be  accomplished  with 
facility  by  circular  weights  which  are  pro>ided  for  the  purpose,  and 
which  may  be  slipped  upon  the  stem  d  of  the  weight  p.  By  means 
of  this  apparatus,  the  relation  between  the  various  notes  of  the  musi- 
cal scale  and  the  rate  of  vibration  by  which  they  are  respectively  pro- 
duced, have  been  ascertained. 

846.  Its  application  to  determine  the  rates  of  vibrations  of  musi- 
cal notes.  —  It  has  been  shown  (794.)  that  the  rate  of  vibration  of  a 
string  such  as  that  of  the  monochord  is  inversely  as  its  length,  other 
things  being  the  same.  Thus,  if  its  length  be  halved,  its  rate  of 
vibration  is  doubled ;  if  its  length  be  diminished  or  increased  in  a 
three-fold  proportion,  its  rate  of  vibration  will  be  increased  or  dimin- 
ished in  the  same  proportion ;  and  so  forth. 

Let  the  bridges  be  placed  at  a  distance  from  each  other  as  great  as 
the  iipparatus  admits,  and  let  the  weight  which  stretches  the  string  be 
so  adjusted,  that  the  note  produced  by  vibrating  the  string  shall  cor- 
respond with  any  proposed  note  of  the  musical  scale;  such,  for  example, 


jys 


the  low  0  of  the  treble  clef.     This  being  done,  let  the 
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mo^u^able  bridge  be  moved  towards  the  fixed  bridge,  continual]  j  sonnd- 
iug  the  string  until  it  produces  the  octave  above  the  note  first  sounded, 

that  is,  until  it  produces  the  middle  o  A:-^-  of  the  treble. 

If  the  length  of  the  string  be  now  ascertained  by  reference  to  the 
scale  of  the  monochord,  it  will  be  found  to  be  precisely  one-half  its 
original  length. 

847.  A  double  rate  of  vihraiion  produces  an  octave.  —  Hence  it 
follows,  that  the  same  string  will  sound  an  octave  higher  if  the  len^h 
is  halved.  But  it  has  already  been  shown  that  the  rate  of  vibration 
will  be  doubled  when  the  length  of  the  string  is  halved.  Hence  it 
follows,  that  two  sounds,  one  of  which  is  an  octave  higher  than  the 
other,  will  be  produced  by  vibrations,  the  rate  of  which  will  be  in 
the  proportion  of  2  to  1 ;  and,  consequently,  the  length  of  the  undu- 
lation producing  the  lower  note  will  be  double  that  of  the  undulation 
producing  the  higher  note. 

848.  Hates  of  vibration  for  other  intervals,  —  If,  instead  of  mov- 
ing the  bridge  h  to  the  point  necessary  to  produce  the  octave  to  the 
fundamental  note  o,  it  be  moved  successively  to  such  positions  that 
the  string  shall  produce  the  successive  notes  of  the  scale  between  it 
and  its  octave,  the  lengths  of  the  string  being  noted  by  reference  to 
the  scale,  it  will  be  found  that  thev  will  be  respectively  those  which 
•re  inscribed  below  the  annexed  scale  under  the  notes  severally.  The 
leneth  of  the  string  producing  the  fundamental  note  o  is  assumed  to 
be  1,  the  fractions  expressing,  with  reference  to  this  length,  the  lengths 
which  are  found  to  produce  the  successive  notes  of  the  scale  severally. 

Let  the  seven  successive  notes  of  the  gamut  be  expressed  as  fol- 
lows:— 

-« o — :^ 


^ 


32: 


-BE 


jb: 


at 

re 

mi 

fa 

sol 

U 

■I 

nt 

0 

D 

E 

P 

G 

A 

B 

C 

1 

1 

i 

i 

f 

i 

A 

i 

The  names  given  by  continental  writers  to  these  seven  notes  are 
those  written  beneath  them  in  the  upper  line — ^ut,  re,  mi,  &,  sol,  la.^ 
si,  ut ;  but  those  by  which  they  are  most  generally  kno¥m  in  £nglanu 
are  the  letters  of  the  alphabet  inscribed  in  the  lower  line,  the  funda- 
mental note  being  o,  and  the  succeeding  ones  designated  by  the  letten 
inscribed  beneath  them. 

Let  us  suppose,  then,  that  the  monochord  produces  this  fundamen 
tal  note  o,  and  that  the  moveable  bridge  be  then  advanced  towards  tho 
fixed  bridge  bo  as  to  shorten  the  string  until  it  produces  the  note  B. 
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It  will  be  ibnnd  that  its  length  will  be  reduced  Ith,  and  that,  eonae- 
oaently,  the  length  ncoesaarj  to  produce  the  note  D  will  be  }tlui  of 
that  which  produces  the  note  c.  Let  the  bridge  be  now  advanced 
until  the  string  sound  the  note  E ;  its  length  will  then  be  fths  of  that 
which  produces  the  fundamental  note.  In  the  same  manner,  being 
further  shortened,  let  it  produce  the  note  F;  its  length  will  be  Jths 
of  its  original  length.  In  the  same  manner,  the  lengths  of  the 
string  corresponding  to  each  of  the  successive  notes  of  the  gamut, 
will  be  found  to  be  expressed  by  the  fractions  which  are  written  in 
the  above  diagram  under  the  notes  severally. 

But  since  the  number  of  vibrations  per  second  is,  by  the  princi- 
ples already  established,  in  the  inverse  ratio  of  the  length  of  the 
string,  it  follows,  that  if  the  number  of  vibrations  per  second  corre- 
sponding to  the  fundamental  noto  o  be  expressed  by  1,  the  number 
of  vibrations  per  second  corresponding  to  the  other  notes  successively 
will  be  as  follows : — 
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The  meaning  of  which  is,  that  in  producing  the  note  D,  nine  vibra- 
tions will  be  made  in  the  same  time  that  eight  are  made  by  the  note 
G.  In  like  manner,  when  the  note  £  is  sounded,  five  of  its  vibrations 
correspond  to  four  of  c,  four  vibrations  of  F  correspond  to  three  of  c, 
three  vibrations  of  o  correspond  to  two  of  c,  five  vibrations  of  A  cor* 
respond  to  three  of  c,  fifteen  vibrations  of  B  correspond  to  eight  of 
c,  and,  in  fiue,  two  vibrations  of  the  octave  c  correspond  to  one  of 
the  fundamental  c. 

The  relative  numbers  corresponding  to  the  notes  of  one  octave  be- 
ing known,  those  of  the  octaves  higher  or  lower  in  the  musical  scale 
can  be  easily  calculated. 

It  appears  from  what  has  been  already  proved  that  the  note  which 
is  an  octave  higher  than  the  fuudamental  noto  is  produced  by  a  rate 
of  vibration  twice  as  rapid ;  and  this  principle  would  equally  apply  to 
any  other  note.  We  shall,  therefore,  always  find  the  rate  of  vibra- 
tion of  a  note  which  is  an  octave  above  a  given  note  by  multiplying 
the  rate  of  vibration  of  the  given  noto  by  2 ;  and  consequently,  to 
find  the  rate  of  vibration  of  a  note  an  octave  lower,  it  will  only  be 
necessary  to  divide  the  rate  of  vibration  of  the  given  note  by  2.  If, 
therefore,  it  be  desired  to  find  the  rate  of  vibration  of  the  series  of 
notes  continued  upwards  beyond  the  scries  given  in  the  preceding  dia- 
gram, it  will  only  be  necessary  to  multiply  the  numbers  in  the  pre- 
ceding scries  by  2. 

849.  Physical  cause  of  harmony.  —  If  these  results  be  compared 
with  t>be  effect  produced  upon  the  ear  by  the  combination  of  these 
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musical  notes  sounded  in  pairs,  we  shall  discover  the  physical  cause 
of  those  agreeable  sensations  denominated  harmony,  and  the  opposite 
aensations  denominated  discord. 

The  most  perfect  harmony  is  that  of  the  octave,  which  is  so  com- 
plete as  to  be  nearly  equivalent  to  unison.  Now  the  fundamental 
note  0  produced  simultaneously  with  its  octave  is  attended  by  two 
aeries  of  vibrations,  of  which  two  of  the  octave  correspond  to  one  of 
the  fundamental  note.  It  follows,  therefore,  that  the  commencement 
of  every  alternate  vibration  of  the  upper  note  coincides  with  the  com- 
mencement of  a  vibration  of  the  lower. 

Next  to  the  octave,  the  most  agreeable  harmony  is  that  of  the  fifth, 
which  is  produced  when  the  fundamental  note  o  is  sounded  simulta- 
neously with  o.  Now  it  appears  by  the  preceding  residts  that  three 
vibrations  of  Q  are  simultaneous  with  two  of  c.  It  follows,  there- 
fore, that  every  third  vibration  of  O  commences  simultaneously  with 
every  second  vibration  of  o.  The  coincident  vibrations,  therefore, 
are  marked  by  the  commencement  of  every  second  vibration  of  the 
fundamental  o,  whereas,  in  the  octave,  a  coincidence  takes  place  at 
the  commencement  of  every  vibration. 

The  coincidences,  therefore,  are  more  frequent  in  the  octave  than 
in  the  fifth,  in  the  proportion  of  1  to  2. 

The  next  harmony  to  that  of  the  fifth  is  the  fourth,  which  is  pro- 
duced when  the  fundamental  note  o  is  sounded  simultaneously  with  f. 
Now  it  appears  from  the  preceding  results  that  four  vibrations  of  F 
are  simultaneous  with  three  of  the  fundamental  note,  and  conseauently 
that  there  is  a  coincident  vibration  at  the  commencement  or  every 
third  vibration  of  the  fundamental  note.  The  coincident  vibrations 
are  Uierefore  less  frequent  than  in  the  fifth  in  the  proportion  of  3  to 
2;  and  less  frequent  than  in  the  octave  in  the  proportion  of  3  to  1. 

The  harmony  which  comes  next  in  order  to  the  fourth  is  that  of 
the  third,  produced  when  the  fundamental  note  o  is  sounded  simulta- 
neously with  B.  Now  it  appears  from  the  preceding  results  that  five 
vibrations  of  s  are  made  simultaneously  with  four  of  o;  and  that 
eoDseqaentlv  there  is  a  coincidence  at  every  fourth  vibration  of  the 
fondamental  note.  The  coincidences,  therefore,  in  this  case  are  less 
freqnent  than  in  the  fourth,  in  the  ratio  of  3  to  4,  less  freauent  than 
in  toe  fifth  in  the  proportion  of  2  to  4,  and  less  frequent  tnan  in  the 
oetave  in  the  proportion  of  1  to  4. 
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The  figures  which  are  placed  over  each  combinatdoa  express  the 
niiinber  of  vibratioiis  which  in  each  case  take  place  simultaneouslj, 
and  the  name  of  the  interval,  as  it  is  technically  called  in  mnsici  is 
written  nnder  the  lower  line.  Thus,  the  interval  between  the  funda- 
mental note  0  and  the  note  b  is  a  seventh ;  and  the  figures  above 
indicate  that  fifteen  vibrations  of  b  are  made  in  the  same  time  as 
eight  vibrations  of  0.  In  the  same  way,  the  interval  between  o  and 
r  in  the  treble  is  called  an  eleventh ;  and  the  figures  indicate  that 
eight  vibrations  of  F  are  made  while  three  of  o  take  place. 

851.  Physical  cause  of  the  harmonics  of  the  harp  or  violin.  —  On 
inspecting  the  numbers  which  in  the  preceding  scale  indicate  the 
relative  rates  of  vibration  of  these  pairs  of  musical  sounds,  it  will  be 
observed  that  there  are  certain  combinations  in  which  a  complete 
number  of  vibrations  of  the  upper  note  are  made  in  the  time  of  a 
single  vibration  of  the  lower  note.  These  are  distinguished  by  the 
letter  H  written  under  the  interval.  The  first  is  the  octave,  in  which 
two  vibrations  of  the  upper  note  correspond  to  one  of  the  lower;  the 
second  is  the  twelfth,  m  which  three  vibrations  of  the  upper  note 
correspond  to  one  of  the  lower ;  the  third  is  the  fifteenth,  in  which 
Ibur  vibrations  of  the  upper  note  correspond  to  one  of  the  lower ;  the 
fifth  is  the  nineteenth,  in  which  six  vibrations  of  the  upper  corre- 
spond to  one  vibration  of  the  lower ;  and,  in  fine,  the  seventh  is  the 
twenty-second,  in  which  eight  vibrations  of  the  upper  correspond  to 
one  vibration  of  the  lower. 

These  combinations  (which  possess  other  and  important  properties) 
are  oalled  harmmies. 

One  of  the  most  remarkable  properties  of  the  harmonics  is,  that 
if  the  fundamental  note  be  prodfucc^i  by  sounding  the  open  string,  a 
practised  ear  will  detect  in  the  sound  mingled  wiu  the  fundamental, 
the  several  harmonics  to  it,  and  more  especially  those  which  are  in 
nearest  accord  with  the  fundamental  note.  Thus  the  octaves  will  be 
produced ;  but  these  are  so  nearly  in  unison  with  the  ftmdamental 
note  that  the  ear  cannot  distinguish  them.  The  twelfth,  or  that 
which  has  three  vibrations  for  one  of  the  fundamental  note,  is  dis- 
tinctly perceptible  to  common  ears.  The  more  practised  can  dis- 
tinenish  the  seventeenth,  or  that  which  vibrates  five  times  more 
rapidly  than  the  fundamental ;  and  some  pretend  to  be  able  to  dis- 
tinguish the  vibrations  of  the  nineteenth,  which  vibrates  six  times 
for  one  of  the  fundamental  note. 

852.  Erperimental  verification  by  Sauveur.  —  These  phenomena 
have  been,  explained  and  verified  in  a  satisfactory  manner  by  Sauvcur, 
who  showed  that  when  a  string  is  put  into  vibration  it  undergoes  sub- 
ordinate vibrations,  which  take  place  in  its  aliquot  parts.  Thus,  if 
an  edge  touch  the  string  gently,  when  in  vibration,  at  its  middle 
point,  as  represented  in  fg.  245.,  each  half  will  continue  to  vibrate 
independently. 
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Fig.  245. 


If  the  edge  be  in  like  manner  applied  at  one-third  of  the  length, 
the  vibration  will  still  continue,  each  third  part  yibrating  independ- 
ently of  the  other;  and  in  fine,  the  condition  of  the  entire  string, 
when  left  to  vibrate  freely,  is  represented  in  Jig.  246.,  where  the  sub- 
ordinate vibrations  produced  in  the  aliquot  parts  of  the  string  are 
represented. 


853.  Limit  of  the  musical  iensibility  of  the  ear, — Since  the  pitdi 
of  a  musical  note  depends  on  the  number  of  vibrations  produced  per 
second,  it  follows  that  whenever  two  notes  are  produced  by  a  different 
number  of  vibrations  per  second^  they  will  have  a  corresponding 
musical  difference.  Now  a  question  arises  as  to  the  limits  of  the 
power  of  the  car  to  distinguish  minute  differences  of  this  kind.  For 
example,  it  may  be  asked  whether  two  musical  notes  produced  by 
vibrations  difiering  from  each  other  by  only  one  in  a  million,  that  is 
to  say,  if,  while  one  string  make  a  million  of  vibrations,  another  string 
shall  make  a  million  and  one,  is  the  ear  capable  of  perceiving  that 
one  note  is  more  acute  than  the  other  ?  It  is  certain  that  no  ear 
could  discover  such  a  difference,  although  it  is  equally  certain  that 
such  a  difference  would  exist.  The  question  then  is,  what  is  the  limit 
of  sensibility  of  the  ear  ? 

If  two  strings  of  the  same  wire  were  extended  by  equal  weights 
on  the  monochord,  and  the  moveable  bridges  brought  to  coincide,  so 
that  the  strings  would  be  of  precisely  equal  length,  then  it  is  certain 
that  when  struck  they  would  produce  the  same  note,  since  all  the 
conditions  affecting  the  vibration  of  the  string  would  be  identical. 
Now,  if  one  of  the  bridges  be  moved  slowly,  so  jui  gradually  to 
lengthen  the  vibrating  part  of  the  string,  the  limit  may  be  found  at 
which  the  ear  will  begin  to  be  sensible  of  the  dissonance  of  the  notes. 
The  point  thus  determined  may  fix  the  limit  of  the  sensibility  of 
the  ear. 

The  comparative  lengths  of  the  two  strings  in  such  a  case  would 
indicate  the  different  rates  of  vibration  of  which  the  ear  is  sensible. 

854.  Sensihility  of  practised  organists.  —  The  result  of  such  an 
i^xperiment  would  of  course  be  different  for  different  ears,  according 
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to  their  natnnl  sensibility^  and  to  the  effects  of  enlilvation  in  improv- 
ing their  musical  perception.  Practised  organists  are  able  to  distin- 
guish between  notes  which  differ  in  their  yibrations  to  the  extent  of 
one  in  eighty. 

ThoSy  if  a  string  of  the  monochord  have  20  inches  between  the 
bridges,  and  the  other  20^  inches,  their  rates  of  vibration  being  then 
in  the  proportion  of  80  to  81,  the  difference  would  be  distinguishable. 
Such  an  interval  between  two  musical  sounds  is  called  a  comma. 

But  when  the  differences  of  the  rates  of  vibration  are  much  less 
than  this,  they  cannot  be  distinguished  by  the  ear.  The  notes  on 
common  square  pianos  are  each  produced  by  two  strings,  and  on 
grand  pianos  by  three  strings  struck  simultaneously  by  the  same  ham- 
mer. In  tuning  the  instrument,  these  strings  are  tuned  separately, 
until  they  are  brought  as  nearly  to  the  same  pitch  as  the  ear  can  de- 
termine. When  struck  together,  however,  a  slight  dissonance  will  in 
general  be  perceptible,  which  is  adjusted  by  tuning  one  or  the  other 
until  the  sounds  are  brought  into  unison. 

Since,  however,  such  unison  is  only  determined  by  the  ear,  and 
nnce  the  sensibility  of  that  organ  is  limited,  it  follows  that  the  unison 
thus  obtained  can  never  be  pcHect  otherwise  than  by  chance. 

855.  Methods  of  determining  the  absolute  number  of  vibrations 
producing  musical  notes,  —  We  have  hitherto  noticed  only  the  rela- 
tive rates  of  vibration  of  different  musical  notes.  If  the  absolute 
number  of  vibrations  per  second,  corresponding  to  any  one  note  of 
the  scale,  were  known,  the  absolute  number  of  vibrations  of  all  others 
could  be  computed.  Thus,  the  note  which  is  an  octave  higher  than 
the  note  proposed,  would  be  produced  by  double  the  number  of  vibra- 
tions per  second ;  a  note  one-fifth  above  it  would  be  produced  by  a 
number  of  vibrations  per  second  found  by  multiplying  the  given  num- 
ber by  8  divided  by  2,  and  so  on.  In  a  word,  the  number  of  vibra- 
tions per  second  necessary  to  produce  any  given  note  would  be  found 
by  multiplying  the  number  of  vibrations  per  second  necessary  to  pro- 
duce the  nin£imental  note  by  the  fractions  given  in  (849.)  corre- 
sponding to  the  proposed  note. 

856.  The  Sirene  of  Cagniard  de  la  Tour,  —  An  instrument  of 
great  ingenuity  and  beauty,  called  the  Sirene,  has  been  supplied  by 
the  invention  of  M.  Cagniard  de  la  Tour,  for  the  purpose  of  ascei- 
taining  the  whole  number  of  vibrations  which  correspond  to  any  pro 
posed  musical  sound.  A  tube  of  about  four  inches  in  diameter,  re 
presented  ^tff'ffg-  247.,  to  which  wind  can  be  supplied  by  means 
of  a  bellows  or  otherwise  through  a  pipe  y  y'j  is  terminated  in  a  smooth 
circular  plate  v  «',  stopping  its  end.  In  this  plate,  and  near  its  edge, 
a  number  of  small  holes  are  pierced  very  close  together,  and  disposed 
in  a  circular  form,  as  represented  in^^.  248.,  the  perforations  being 
made,  not  perpendicular  to  the  plate,  but  in  an  oblique  direction 
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Fig.  245. 

If  the  lyige  he  in  like  manner  applied  at  one-third  of  the  lengtii, 
lilt*  Tilrari.n  will  still  continue,  each  third  part  vibrating  indepen^ 
f:i:!T  f  the  othrr;  and  in  fine,  the  condition  of  the  entire  string 
wh  r.  lif:  i-*  vibrate  freely,  is  represented  \nfig,  246.,  where  the  rab- 
-.rln^ite  vibnuons  pniniuced  in  the  aliquot  parta  of  the  string  an 
rrrrfjtntoJ. 


.      fc^,„,^;^^...^,,..^ 


Fig.  246. 


'^^^^^^^^^vTTHfc . 


>5o.  Lini:  of  the  mhsical  unsibility  of  the  ear. — Since  the  piteh 
:f  1  niusical  note  depends  on  the  number  of  vibrations  produced  per 
stwni.  ::  f :*.'..>«*$  that  whenever  two  notes  are  produced  bya  difecat 
Lu'^l'.T  kI  vibrations  per  second,  they  will  have  ft  correspoDdi^ 
ciusi^^I  iitfcrvnee.  Now  a  question  arises  as  to  the  limits  of  the 
p.-wtr  :f  the  car  to  distinguish  minute  differences  of  this  kind.  For 
Lx;tTv.^!er  it  ciiv  K?  asked  whether  two  musical  notee  fvodvmd  bf 
ribvitioBB  di&nsg  from  eiscb  other  bj  oalj  one  in  a  niiiJioQ,  tb«t  tM 
to  Mv^  if,  wbik  oa«  string  make  a  million  of  ribiations^  au  other  i 
^UI  iKkke  a  million  and  one,  is  the  ear  capable  of  perceiving 
ooe  nc4«  kd  more  acute  th^n  the  other?  It  is  a^rtain  that  nn  i 
ODdli  discoTvr  soeh  a  di^retio(%  although  it  ia  equallj  certAJU 
iaoch  a  diS^rence  would  exisL  The  question  theD  hij  wbli  b  the  T 
of  Mtisibiliij  of  the  ear  ? 

If  two  tfiiitgs  of  the  sane  wire  were  takudoi]  b_y  c^ha]  wdgbli 
eo  Uw  nowxbotd,  and  the  mov^et^blo  briU^  bronghi  to  cnin^de,  i 
t^  tW  «Cni^  imld  be  of  pnetseljr  eqfwd  length,  tbco  it  iv  i 
thaj  wb«B  smek  they  woold  pfodnce  Uw 
ti^iiiuotts  aActii^  the  nbnlMli  of  the 
>W,  if  we  vf  the  btfidg^  be 
the  libraun^  pan  of  ; ' 
wb^h  ib«  ftu-  will  *         '^  '^^  ' 
Tbtf  F^^i  ihi» 
the 

iudkcaJe 


ing  their  z.zji:-l  y.T---.' 

one  in  t:j:.'T 
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tbroagb  it  Another  plate  of  equal  magoitode  « «',  Jig,  247.,  and 
haviDg  a  circle  of  holes  precisely  similar,  is  fixed  upon  this  so  as  to 
be  capable  of  revolviDg  with  any  required  velocity  roand  its  centre. 
As  it  revolves,  the  holes  in  the  upper  plate  u  u'  correspond  in  certain 
positions  with  the  holes  in  the  lower  plate  vv' ;  but  in  intermediate 
positions,  the  holes  in  the  lower  plate  not  corresponding  with  those  in 


Fig.  247. 


Fig.  248. 


the  other  plate,  the  exit  of  the  air  from  the  tnheff*  is  stopped.  If, 
then,  wo  suppose  the  upper  of  these  two  plates  to  revolve  upon  the 
lower,  a  current  of  air  being  supplied  to  the  tuheff  through  yy', 
the  air  will  escape  when  the  holes  in  the  superior  plate  correspond  in 
position  with  those  in  the  lower  plate,  but  in  intermediate  positions  it 
will  be  intercepted.  The  effect  will  be,  that  when  the  superior  plate 
moves  with  a  uniform  velocity,  there  will  be  a  series  of  puffs  of  wind 
allowed  to  escape  from  the  holes  of  the  inferior  plate  through  those 
of  the  superior  plate  in  uniform  succession  with  equal  intervals  of 
time  between  them.  This  succession  of  puffs  will  produce  undula- 
tions in  the  air  surrounding  the  instrument,  and  when  their  velocity 
is  sufficiently  increased,  these  undulations  will  produce  a  sound.  If 
the  motion  be  uniform,  this  sound  will  be  maintained  at  a  uniform 
pitch ;  but  as  the  motion  of  the  plate  is  increased,  the  pitch  will  bo- 
come  more  elevated ;  and,  in  short,  such  a  velocity  may  be  given  to 
the  superior  plate  as  to  make  the  instrument  produce  a  sound  of  any 
desired  pitch,  acute  or  grave. 

A  small  apparatus  is  connected  with  the  superior  plate,  by  which 
its  revolutions  arc  counted  and  indicated.  This  apparatus  consists  of 
a  spindle,  x^Jig.  247.,  whfoh  carries  upon  it  a  worm  or  endless  8orew» 
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Fig.  249. 


which  drives  the  teeth  of  a  small  wheel  r, 
which  is  connected  hj  pinions  and  wheelwork 
with  another  wheel  c.  These  wheels  govern 
the  motion  of  hands  upon  small  dials  dd\Jig, 
249.  These  hands  heing  brought  to  their 
respective  seros  at  the  commencement  of  the 
experiment,  their  position  at  the  end  of  any 
known  interval  will  indicate  the  number  of 
>f  air  which  have  escaped  from  the  holes  of  the  revolving  plate 
1  the  interval;  and  will  consequently  determine  the  number  of 
ations  of  the  air  which  correspond  to  the  sound  produced. 
r.  Experiments  made  with  this  instrument.  —  Various  series  of 
sting  experiments  have  been  performed  with  this  instrument  by 
rentor,  which  have  shown  that  it  not  only  indicates  the  pitch  of 
)te  produced,  but  also  that  the  timbre  of  the  sound  has  a  rela- 
o  the  thickness  of  the  revolving  plate,  and  of  the  fixed  plate 
f  hich  it  turns,  and  with  the  space  between  the  holes  pierced  in 
plates.  These  conditions,  however,  have  not  been  investigated 
sufficient  precision  to  supply  any  general  principles.  M.  Cag- 
de  la  Tour  thinks,  nevertheless,  that  when  the  intervals  between 
)les  pierced  in  the  plates  are  very  small,  the  sound  approaches  to 
f  the  human  voice,^and  when  they  are  very  considerable  it  ap- 
aes  to  that  of  a  trumpet. 

I.  Savart*8  apparatus  for  measuring  the  vibrations  of  sound, 
lother  instrument  for  the  experimental  determination  of  the 
er  of  vibrations  corresponding  to  a  note  of  any  proposed  pitch  is 
0  M.  Savart,  whose  experimental  investigations  have  thrown  so 
light  upon  the  physics  of  sound. 


Fig.  250. 

18  apporatns,  which  is  represented  in  Jig.  250.,  consists  of  a 
i  a  a,  constructed  in  a  very  solid  manner,  supporting  a  large 
I  bf  oonnected  by  an  endless  band  x  with  a  small  grooved  wheel 
vpoD  the  azig  of  another  lam  wheel  d\  which  is  formed  into 
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teeth  at  its  edge.  These  teeth  strike  succes- 
sively a  piece  of  oaid  or  other  thin  elastic  plate 
presented  to  them,  and  fixed  npon  the  frame 
a  Oy  as  represented  in  fig,  250.  The  succes- 
sive impulses  siven  to  the  csard  produce  corre- 
sponding nnduations  in  the  air,  the  eQect  of 
Fig.  251.  which  is  a  musical  sound. 

The  number  of  undulations  per  second  thai 
produced  in  the  air  will  correspond  with  the  number  of  teeth  of  the 
wheel  d  which  pass  the  edge  of  the  card  in  a  second.  Now,  if  the 
number  of  turns  per  second  given  to  the  primary  wheel  h  be  known, 
the  relative  magnitudes  of  this  wheel  and  the  small  wheel  attached  to 
the  axis  of  d'  will  detcrniiue  the  number  of  revolutions  per  second 
civen  to  the  wheel  d'y  and  consequently  the  number  of  teeth  of  the 
latter,  which,  in  a  second,  will  strike  the  edge  of  the  card.  In  thib 
way,  undulations  of  the  air  can  be  produced  at  the  rate  of  25,000  per 
second. 

The  sounds  produced  by  this  means  are  said  to  be  clexir,  continued 
and  distinct,  and  easily  brought  into  unison  with  any  musical  iustm- 
mcnt,  Biuce  they  c^in  bo  produced  at  a  uniform  pitch  for  any  desired 
interval  of  time. 

Since  by  the  stroke  of  each  tooth  of  the  wheel  d\  the  card  is  made 
to  move  fir.st  downwards  and  then  upwards,  or  vice  vcrsd,  it  is  clear 
from  what  has  been  explained  that,  for  each  tooth  of  the  wheel  (T 
which  passes  the  card,  a  condensed  and  a  i-areficd  wave  of  air  will  be 
produced. 

In  the  sound,  tliercf«)re,  which  results  there  will  be  as  many  double 
vibrations,  tliat  is  to  i^iVy  undulations,  including  each  a  condensed  and 
rarelicd  wave,  as  there  are  teeth  of  the  wheel  d  which  pass  the  card ; 
and  to  ascertain  the  number  of  such  double  vibrations  corresponding 
to  any  note,  it  will  be  only  necessary  to  observe  the  number  of  teeth 
of  the  wheel  d  which  pass  the  card  when  the  sound  produced  by  the 
instrument  is  brought  into  unison  with  the  proposed  note. 

859.  The  absolute  rates  of  vibration  of  musical  notes  ascertained. 
—  l^y  accurate  experiment,  made  both  with  the  Sirene  and  with  the 
instrument  of  31.  Savart,  it  has  been  found  that  the  lower  A  of  the 


treble  clef  or  ^-^—  i^  produced  by  imparting  undulations  to  the  air 

at  the  rate  of  880  single  vibrations,  or  440  double  vibrations,  per 
second.  By  single  vibration  is  here  to  bo  understood  condensed 
waves  only,  or  rarefied  waves  only;  and  by  double  vibration,  the 
combination  of  a  condensed  and  rarefied  wave.  It  is  more  usual  to 
count  the  vibrations,  tiiking  the  latto,  or  the  double  vibration,  as  the 
unit^  uud  wc  shall  therefore  here  adopt  this  nomenolatore :  and  il 
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may  therefore  be  statedy  in  this  sense,  that  the  A  of  the  diapason,  the 
note  usoally  produced  by  the  sounding-fork  for  determining  the  pitch 
of  musical  instruments,  is  produced  by  imparting  to  the  air  440  un* 
dolations  per  second. 

It  must  be  stated,  however,  that  some  slight  departure  from  this 
standard  prevails  in  different  established  orchestras.  Thus,  it  is  esti- 
mated that  the  pitch  of  this  note  in  the  under-mentioned  orchestras 
is  produced  by  the  number  of  vibrations  per  second  exhibited  below : — 

Orchestra  of  Berlin  Opera 437-32        ^ 

"  Academic  de  la  Musique,  Paris    -         -  481*34 

"  Op^ra  Comique,  Paris  -        -        -  427-61 

"  Italian  Opera,  Paris    -        -        -        -  424-14 

The  number  of  vibrations  corresponding  to  all  the  other  notes  of 
the  musical  scale  may  be  computed  by  the  result  here  obtained,  com* 
bined  with  the  relative  numbers  of  vibrations  given  in  850.  Thus, 
if  it  be  desired  to  determine  the  number  of  vibrations  per  second  cor- 


respcmding  to  the  fundamental  note  v^-^  ,  it  will  be  only  necessary 


to  divide  440,  the  number  of  vibrations  of  the  note  A^~ ,  by  the 


fraction  V ,  or,  what  is  the  same,  to  divide  it  by  10,  and  multiply  the 
quotient  oy  3.     The  number  of  vibrations,  the^fore,  per  second 


whioh  will  produce  the  noteV^'^-  will  be  44  X  3  =  132. 

860.    Range  of  muHcal  seruUnlity  of  the  ear.  —  On  a  seven 
oetave  pianoforte  the  highest  note  in  the  treble  is  three  octaves 


^^^^^^  nii^  f  ^^^  ^®  lowest  note  in  the  bass  is  four  octaves  below 


it.     The  number  of  complete  vibrations  corresponding  to  the  former 
must  be,  therefore, 

440x  2x  2x  2  =  3520; 
and  the  number  of  vibrations  per  second  corresponding  to  the  latter  is 

440__440  _ 
5x2x2x2~16  ~    ** 
Now,  dnce  all  ordinary  ears  are  capable  of  appreciating  the  musi- 
cal Krands  contained  between  these  limits,  it  is  clear  that  the  iwige 
of  peroeptioB  of  the  haman  ear  is  sreator  than  that  of  raoh  ao 
88  4« 
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mstramcnt,  and  that,  conscqncntlj,  this  organ  is  capable  of  dis- 
tinguifihing  sounds  prodaced  by  vibrations  varying  firam  27  to  8520 
per  second. 

861.  The  most  grave  note  of  which  the  ear  is  sensible.  —  It  baa 
been  generally  assumed  that  the  lowest  of  these  notes  constituted  the 
most  grave  mu^4ical  sound  of  which  the  car  is  sensible ;  but  Savart 
has  shown,  by  a  series  of  experiments  remarkable  for  tbeir  conclu- 
siveness, that  the  organ  of  hearing  has  a  wider  range  of  sensibility. 
For  this  purpose  he  substituted  for  the  toothed  wheel  d',  Jig.  250,  a 
simple  bar  of  iron  or  wood,  which  was  made  to  revolve  round  its 
centre  in  the  same  manner  as  the  toothed  wheel.  Two  plates  of 
wood  were  placed  on  each  side  of  the  bench,  as  represented  \nfg. 
251,  and  were  so  adjusted  that  the  revolving  bar  passed  nearly  in 
contact  with  them.  At  each  transit  of  the  bar  near  their  edges  an 
explosive  sound  was  produced,  of  deafening  loudness.  The  loudness 
was  found  to  be  a  maximum  when  the  distance  of  the  bar  from  the 
edges  of  the  plates  was  from  the  4000th  to  the  8000th  of  an  inch. 
When  the  bar  was  moved  very  slowly,  these  were  recogniied  by  the 
car  as  distinct  and  successive  sounds ;  but  when  a  velocity  was  im- 
parted to  it  which  produced  from  seven  to  eight  sounds  per  second, 
the  sound  became  continuous,  and  was  recognized  as  a  musical  note 
of  great  depth  in  the  scjile.  It  was  rendered  evident,  therefore,  from 
this  experiment,  that  the  ear  is  capable  of  appreciating  musical 
sounds  produced  by  from  seven  to  eight  complete  vibrations  per 
second. 

8G2.  The  most  acute  note. — To  determine,  on  the  other  hand,  the 
limit  of  the  sensibility  of  the  car  for  acute  musical  sounds,  Savart 
increased  the  diameter  of  the  wheel  d\fig.  250,  so  as  thus  to  impart 
a  more  rapid  nir^ticm  to  the  teeth.  In  this  way  he  found  that  musical 
sounds  were  distinctly  recognized  produced  by  24,000  complete  un- 
dulations per  second. 

liy  this  experiment  it  was,  therefore,  established  that  the  range  of 
sensibility  of  the  ear  for  musical  sounds  extended  from  7  vibrations 
to  24,000  per  second. 

Savart,  however,  maintains  that  these  limits  are  not  the  extreme 
ones  of  the  susceptibility  of  the  ear. 

863.  Calculation  of  the  length  of  the  waves  corresponding  to 
musical  notes. — It  has  been  already  shown,  that  by  the  combination 
of  the  velocity  of  sound  with  the  rate  of  undulation,  the  length  of 
the  sonorous  waves  corresponding  to  any  given  note  can  be  deter- 
mined.    Thus,  if  we  know  that  440  undulations  of  the  note 


strike  the  ear  in  a  second,  and  also  that  the  velocity  with  which  this 
unduiation  passes  through  the  air  is  at  the  rate  of  1120  feet  per 
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second,  we  may  conclude  that  in  1120  feet  there  are  440  complete 
andulations;  consequently^  that  the  length  of  each  such  unduli^ 
tioa  is 

Bj  a  like  calculation,  the  length  of  the  sonorous  waves  correspoDf''- 
ing  to  all  the  musical  notes  can  oe  determined. 

To  find  the  length  of  the  sonorous  waves  corresponding  to  tho*^ 
highest  and  lowest  notes  of  a  seven  octave  pianoforte,  we  are  to  con- 
sider that  the  highest  note  has  been  shown  to  be  produced  by  3520 
vibrations  per  second ;  the  length  of  each  variation  wiU^  therefore,  be 

1120  _ 

8520  =  ^^^^^- 
The  number  of  vibrations  corresponding  to  the  lowest  note  is  27*5 ; 
the  length,  therefore,  of  the  sonorous  undulation  will  be 

l^«=  40-73  feet 

To  find  the  length  of  the  vibrations  corresponding  to  the  gravest 
note  produced  in  Savart's  experiments,  we  must  divide  1120  by  7 ; 
the  quotient  will  be  160  feet,  which  is  the  length  of  the  undulation 
required. 

o64.  Application  of  the  Sirene  to  count  the  rate  at  which  the 
wings  of  insects  move. — ^The  buzzing  and  humming  noises  produced 
by  winged  insects  are  not,  as  might  be  supposed,  vood  sounds.  They 
result  ut)m  sonorous  undulations  imparted  to  the  air  by  the  flapping 
of  their  wings.  This  may  be  rendered  evident  by  observing,  that  the 
Boise  always  ceases  when  the  insect  alights  on  any  object. 

The  Sirene  has  been  ingeniously  applied  for  the  purpose  of  ascer- 
taining the  rate  at  which  the  wings  of  such  creatures  flap.  The 
instrament  being  brought  into  unison  with  the  sound  produced  by 
the  insect  indicates,  as  in  the  case  of  any  other  musical  sound,  the 
rate  of  vibration.  In  this  way  it  has  been  ascertained  that  the  wings 
of  a  gnat  flap  at  the  rate  of  15,000  times  per  second.  The  pitch  of 
the  note  produced  by  this  insect  in  the  act  of  flying  is,  therefore, 
more  than  two  octaves  above  the  highest  note  of  a  seven  octave 
te. 
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CHAP.  IlL 

SOUNDS  PRODUCED  BT  THIN  BODS  AND  PLATBS. 

865.  Vibration  of  rods,  longitudinal  and  transverse,  —  Among 
the  numerous  results  of  the  liUMurs  of  contemporary  philosophers, 
some  of  the  most  beautiful  and  interesting  are  those  which  have 
attended  the  experimental  researches  of  Savart,  made  with  a  view  to 
determine  the  phenomena  of  the  vibration  of  sonorous  bodiesy  some 
of  which  we  have  already  briefly  adverted  to.  Although  these  re- 
searches are  too  complicated^  and  the  reasoning  and  hypotheses  nused 
upon  them  are  not  sufficiently  elementary  to  be  introduced  with  any 
detail  into  this  volume^  there  are  nevertheless  some  sufficiently  simple 
to  admit  of  brief  exposition^  and  so  interesting  that  their  omisaoD, 
even  in  the  most  elementary  treatise,  would  be  unpardonable. 

The  vibration  of  thin  rods,  whether  they  have  the  form  of  a  cylin- 
der or  a  prism,  or  that  of  a  narrow  thin  plate,  may  be  considered  as 
made  transversely  or  longitudinally.  If  they  are  made  transversely, 
that  is  to  say,  at  right  angles  to  the  Icnctb,  they  will  be  governed  by 
nearly  the  same  principles  as  those  which  have  been  already  explained 
as  applicable  to  clastic  strings. 

8GG.  Longitudinal  vibrations. — Let  us  suppose  a  glass  tube,  about 
seven  feet  long,  and  from  an  inch  to  an  inch  and  a  half  in  diameter, 
to  be  suspended  in  equilibrium  at  its  middle  point.  Let  one  half  of 
it  be  rubbed  upon  its  surface,  in  the  direction  of  its  length,  with  a 
piece  of  damp  cloth.  The  friction  will  excite  longitudinal  vibration, 
that,  with  a  little  practice,  may  be  made  to  produce  a  musical  sound, 
which  will  be  more  or  less  acute  according  to  the  force  and  rapidity 
of  the  friction. 

It  will  be  found  that  the  several  sounds  which  will  be  successively 
produced  by  thus  increasing  the  force  of  the  friction,  will  correspond 
with  the  harmonica  already  explained  in  849.  \  that  is  to  say,  that 
the  rate  of  vibration  of  the  lowest  of  these  tones  being  expressed  by 
1,  that  of  the  next  above  it  will  be  expressed  by  2,  and  will  therefore 
be  the  octave ;  the  next  will  be  expressed  by  3,  and  will  therefore  bo 
the  twelfth,  and  the  next  by  4,  which  will  therefore  be  the  fifteenth. 

If  the  same  experiment  be  performed  with  long  rods  of  any  form 
and  of  any  material  whatever,  the  same  result  will  be  noticed.  When 
rods  of  wood  are  used,  instead  of  a  nioisteued  cloth,  a  cloth  coated  with 
resin  may  be  employed.  It  is  found  that  rods,  composed  of  the  same 
material,  will  always  emit  the  same  notes,  provided  they  are  of  the 
same  length,  whatever  bo  their  depth,  thickness,  or  form,  provided 
only  that  their  length  be  considerable  compared  with  their  other 
dimensions 
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867.  J^odal  points.  —  Were  it  possible  to  render  visible  the  state 
of  ribration  of  each  point  of  the  surface  of  these  rods,  it  would  bo 
Cmod  that  the  degree  of  vibration  woold  vary  from  point  to  point,  and 
thtt  at  certain  points  distributed  over  the  surface  of  these  rods,  there 
woald  be  no  vibration.  These  nodal  points,  as  they  have  been  called, 
lie  distributed  according  to  certain  lines  surrounding  the  rods. 

But  it  is  evident  that  motions  so  minute  and  so  rapid  as  these 
libntions,  cannot  be  rendered  directly  evident  to  the  senses. 

868.  Method  of  detemurung  nodal  points  and  lines. — The  follow- 
ing ingenious  method  of  feeling  the  surface  while  in  vibration,  and 
awertaming  the  position  of  the  nodal  lines,  was  practised  with  signal 
success  by  Savart  A  light  ring  of  paper  was  formed,  having  a  dia- 
meter considerably  greater  than  that  of  the  tube  or  rod.  This  ring  was 
mspended  on  the  tube,  as  represented  in  Jig,  252. 

The  tube,  which  we  shall  suppose  here,  as  before,  to  be  formed  of 
glaait,  and  of  the  same  dimensions  as  already  explained,  being  sus- 
pended on  its  central  point,  and  put  in  vibration,  as  already  described, 
by  fiiction  produced  upon  that  half  of  the  tube  oi\  which  the  ring  is 
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Fig.  252. 

not  suspended,  it  will  be  found  that  the  vibration  of  the  tube  will  give 
the  ring  a  jumping  motion  which  will  throw  it  aside,  and  cause  it  to 
more  to  the  right  or  left,  as  the  case  may  be,  until  it  shall  arrive  at  a 
point  where  it  shall  remain  at  rest,  its  motion  as  it  approaches  this 
point  being  gradually  diminished.  At  this  point  ft  is  evident  that 
there  is  no  vibration,  and  it  is,  consequently,  a  nodal  point 

Let  this  point  be  m^ked  upon  the  glass  with  ink,  and  let  the  tube 
be  then  turned  a  little  round  on  its  axis,  so  as  to  bring  the  point  thus 
marked  a  little  aside  from  the  highest  position  which  it  held  when  the 
ring  rested  upon  it.  Iiet  the  tube  be  now  again  put  in  vibration,  so 
M  to  produce  the  same  note  as  before.  The  ring  will  be  again  moved, 
and  will  find  another  point  of  rest. 

Let  this  point  be  marked  as  before,  and  lot  the  tube  be  again  turned, 
and  let  the  same  process  be  repeated,  so  that  a  third  nodal  point  shall 
be  determined.  By  continuing  this  process,  a  succession  of  nodal 
points  will  be  found  following  each  other  round  the  tube,  and  thus  a 
nodal  line  will  be  determined. 

This  process  may  be  continued  until  the  entire  course  of  the  nodal 
line  shall  be  discovered. 

Experiments  conducted  in  this  way  have  led  to  the  discovery  that 
the  nodal  lines  smrrounding  the  tube  have  a  sort  of  spiral  or  screw- 
like  form,  represented  in^^.  252.  The  course  is  not  msi  of  a  rego^ 
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Ur  helix,  since  it  forms  at  different  points  of  the  sar&ce  of  the  tube 
different  angles  with  its  axis,  whereas  a  regular  helix  will  at  every 
point  form  the  same  angle ;  but  this  variation  of  the  inclination  of 
the  nodal  line  to  the  axis  is  not  irregular,  but  undci|;oes  a  succe^on 
of  changes  which  are  constantly  repeated,  so  that  each  revolution  of 
the  nodal  line  is  a  repetition  in  form  of  the  last^  as  represented  in 
fig.  252. 

If  the  ring  be  now  suspended  on  the  other  half  of  the  tube,  a  simi- 
lar nodal  curve  is  formed,  which  is  not,  however,  a  continuation  of  the 
former.  The  two  spirals  seem  to  have  a  common  origin  at  the  end, 
and  to  proceed  from  that  point,  either  in  the  same  or  contrary  direc- 
tions, towards  the  other  end  of  the  tube. 

869.  Nodal  lines  on  the  inside  of  a  tube,  —  Savart  examined  also 
the  position  of  the  nodal  line  on  the  inner  surface  of  the  tube,  by 
spreading  upon  it  grains  of  sand,  or  a  small  bit  of  cork.  These  were 
put  in  motion  in  the  same  manner  as  the  ring  of  paper  by  the  vibnip 
tion,  and  were  brought  to  rest  on  arriving  at  a  nodal  point.  A  series 
of  nodal  lines  sinular  to  the  exterior  system  was  discovered. 

When  the  friction  is  increased  so  as  to  make  the  tube  sound  the 
harmonics  to  the  fundamental  note,  the  spirals  formed  by  the  nodal 
line  are  reversed  two,  three,  or  four  times,  according  to  the  order  of 
the  harmonic  produced. 

870.  JS^'odal  lines  on  rods  and  thin  plates.  —  In  the  case  of  pris- 
matic rods  or  flat  lamina?,  the  nodal  cur\es  arc  still  spirals,  but  more 
irregular  and  complicated  than  in  the  case  of  tubes  or  cylinders. 

The  vibrations  of  thin  plates  were  produced  and  examined  by  the 
following  expedients :  —  An  apparatus  was  provided,  represented  in 

Jig.  253.  A  small  piece  of  metal 
Oj  having  a  form  slightly  conical, 
is  fixed  in  the  bottom  of  a  frame, 
and  at  its  upper  surface  a  piece  of 
cork,  or  buffalo  skin,  is  fixed  to  in- 
tercept vibration.  A  correspond- 
Fig.  253.  ing  cylinder  is  moved  vertically, 

directly  above  it,  by  a  screw,  which 
plays  in  the  frame  h,  and  which  is  also  covered  at  its  extremity  with 
a  piece  of  cork. 

When  the  screw  is  turned,  the  two  extremities  can  be  brought  into 
contact,  so  as  to  press  between  them  with  any  desired  force  any  plate 
which  may  be  interposed. 

An  elastic  plate,  the  vibration  of  which  it  is  desired  to  observe,  is 
inserted  between  them,  and  held  compressed  at  any  desired  point  by 
turning  the  screw.  The  plate  thus  held  can  be  put  in  vibration  by 
means  of  a  violin  bow,  which  being  drawn  upon  its  edge,  clear  musical 
sounds  may  be  produced,  and  brought  into  unison  with  those  of  a 
pii^nofortc,  or  other  musical  mBtrxxm^Tit. 
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To  asoertaiQ  the  state  of  vibration  of  the  different  points  of  the 
nrfaoe  of  the  pkte^  sand  or  other  light  dust  is  spread  upon  it,  to 
irhich  motion  is  imparted  by  the  vibrating  points.  Those  points  which 
ure  at  rest,  and  which  are  therefore  nodal  points,  impart  no  motion  to 
ihe  grains  of  sand  which  lie  upon  th'Bm,  and  those  which  are  upon 
the  vibrating  points  are  successively  thrown  aside,  until  they  reach  the 
Unes  of  repose  or  nodal  lines,  where  at  length  they  settle  themselves. 

When  a  musical  sound  of  a  uniform  pitch  has,  therefore,  been  con- 
tinued for  any  length  of  time,  the  disposition  of  the  grains  of  sand  upon 
the  plate  will  indicate  the  position  and  direction  of  the  nodal  lines. 

871.  Method  of  delineating  the  nodal  lines  practised  by  Savarl, 
—  When  experiments  of  this  kind  were  multiplied  to  some  extent,  it 
became  apparent  that  the  nodal  lines  assumed  such  varied  and  com- 
plicated forms  that  it  was  difficult  to  delineate  them  with  accuracy  by 
the  common  methods  of  drawing. 

An  ingenious  expedient  suggested  itself  to  Savart,  by  which  fiio- 
nmiles  of  all  these  figures  were  obtained.  Instead  of  sand,  he  used 
litmus  mixed  with  gum,  dried,  reduced  to  a  fine  powder,  and  passed 
through  a  sieve,  so  as  to  obtain  grains  of  equal  and  suitable  magni- 
tude. This  coloured  and  hygrometrio  powder  he  spread  upon  the 
vibrating  plates,  and  when  it  had  assumed  the  form  of  the  nodal  lines, 
he  applied  to  itte  plates  with  gentle  pressure  damp  paper,  to  which 
the  coloured  powder  adhered,  and  which,  therefore,  gave  an  exact 
impression  of  the  form  of  the  nodal  lines. 

In  this  manner  he  was  enabled  to  feel,  as  it  were,  the  state  of  vi- 
bration of  the  different  parts  of  the  plate,  and  to  ascertain  with  pre- 
cision the  lines  of  no  vibration,  or  the  nodal  lines,  which  separated 
finom  each  other  those  parts  of  the  plate  which  vibrated  independently. 

In  this  way  many  hundred  experiments  were  made,  and  exact  dia- 
gntins  obtained  representing  the  condition  of  the  vibrating^  plates. 

872.  ^odtU  lines  multiplied  as  sounds  become  more  acute. — 
One  of  the  consequences  which  most  obviously  followed  from  these 
experiments  was,  that  the  nodal  lines  became  more  and  more  multi- 
plied the  more  acute  the  sound  was  which  the  plate  produced.  This 
consequence  was  one  which  might  have  been  anticipated  from  the 
analogy  of  the  nodal  lines  of  the  plate  to  nodal  points  of  the  elastic 
string.  It  has  been  already  shown,  that  with  a  single  nodal  point  in 
the  middle  of  the  string,  the  octave  to  the  fundamental  note  is  pro- 
duced ;  that  when  two  nodal  points  divide  the  string  into  three  equal 
parts,  the  twelfth  is  produced ;  that  when  three  nodal  points  divide 
the  string  into  four  equal  parts,  the  fifteenth  is  produced,  and  so  on. 
What  the  subdivisions  of  the  string  are  to  the  notes  produced  by  its 
vibrations,  the  subdivisions  of  the  surface  of  the  \dbrating  plate  by 
the  nodal  lines  is  to  the  note  lehich  it  produces ;  and  it  was  conse> 
qnentlj  natural  to  expect,  that  the  higher  the  note  produced,  the  more 
moltipliod  would  be  the  divisions  of  the  plate. 

p  ^'b\ 
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873.  Curious  forms  of  the  nodal  lines.  —  But  a  circamBfazioe  i^ 
tendinff  these  divisions  not  less  curious  than  their  number  was  tiidr 
form,  for  which  no  analogy  existed  in  the  vibration  of  strings.  It 
would  be  impossible  here  to  give  any  definite  notion  of  the  infinita 
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Fig.  254. 

variety  of  which  these  nodal  figures  are  susceptible ;  they  change  not 
only  with  the  pitch  of  the  note  produced,  but  also  with  the  form  and 
mutcrial  of  the  plate  and  the  position  of  the  point  at  which  it  is  held 
in  the  instrument,  represented  injig.  253.  It  will  not,  however,  be 
withr)ut  interest  to  give  an  example  of  the  variety  of  figures  presented 
by  the  nodal  lines  produced  upon  the  same  square  plate.  These  are 
representi^d  in  the  series  of  figures  254. 

Similar  experinR-nt^,  made  on  circular  plates,  showed  that  the  nodal 
lines  distributed  themselves  either  in  the  direction  of  the  diameter 
dividing  the  circle  into  an  equal  number  of  parts,  or  in  ciroular  forma, 
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more  or  less  regalar^  having  the  centre  of  the  plate  as  their  common 
oentTBy  or,  in  mie,  in  hoth  of  these  combined.  In  the  annexed  fig* 
ure  255.  are  represented  some  of  the  varieties  of  form  thus  obtained. 


Fig.  255. 
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BOUNDS   PRODUCED  BY  TH£  VIBRATORY   MOVEMENTS   OF   FLUIDS. 

874  Fluid  bodies  sonorous,  —  Fluids,  whether  in  the  liquid  or 
gaseous  state,  have  been  hitherto  considered  merely  as  conductors  of 
sound,  their  sonorous  undulations  having  been  derived  from  the  vibra- 
toiT  impulses  of  solid  bodies  acting  upon  them. 

Fluids  themselves,  however,  are  capable  of  originating  their  own 
undulations,  and  consequently  must  be  considered  not  merely  as  con- 
ductors of  sound,  but  likewise  as  sonorous  bodies. 

If  the  Sirene  of  Cagniard  de  la  Tour,  already  described,  be  sub- 
merged in  water,  and  made  to  act  as  it  has  been  described  already  to 
act  in  air,  the  pulsations  of  the  water  will  produce  a  sound.  In  this 
case,  the  origin  of  the  sound  is  the  action  of  the  liquid  upon  itself. 
The  miccessive  movements  of  the  liquid  through  the  holes  in  the  cir- 
cular plate  of  the  Sirene  are  the  origin  of  the  sonorous  undulations 
which  are  transmitted  through  the  liquid. 

875.  Wind  instruments,  —  Innumerable  examples  might  be  found 
of  sonorous  undulations  produced  by  air  upon  air.  The  Sirene  itself, 
which  has  been  already  explained,  forms  an  example  of  this,  and  at 
die  ■une  time  indicates  the  manner  in  which  the  pulsations  are  im* 
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portod  to  tbc  air.  All  wind  instramenta  wbftteyer  are  also  examplei 
of  this.  The  air,  bj  tbc  impulses  of  whicb  the  BonorooB  anduIatioDS 
are  produced,  procccHis  citber  from  a  bellows,  as  in  the  case  of  orginai 
or  from  the  lungs,  as  in  tbc  case  of  ordinary  wind  instmments.  The 
pitch  of  the  sound  produced  depends  partly  upon  the  manner  of  im- 
parting the  first  movement  to  the  air,  and  partly  on  varying  the 
length  of  the  tube  containing  the  oolumn  of  air  to  whicb  the  first 
impulse  is  given. 

AVben  tbc  tube,  as  is  generally  the  case  in  instniments  of  masic, 
has  a  length  which  is  considerable  in  proportion  to  its  diameter,  the 
^vest  note  whicb  it  is  capable  of  producing  is  determined  by  a  so- 
norous undulation  of  its  own  length.  By  varying  the  embouchure, 
and  otherwise  managing  the  action  of  the  air  on  entering  the  tahe, 
notes  may  be  produced  which  arc  harmonics  to  the  fundamental  notes 
determined  by  the  length  of  the  tube. 

When  these  harmonics  arc  produced,  nodal  points  will  be  formed 
in  the  column  of  air  included  in  the  tube ;  and  if  the  tube  were  di- 
vided and  capable  of  being  detached  at  these  nodal  points,  tbo  removal 
of  a  part  of  the  tube  would  not  alter  the  pitch  of  the  note  produced. 

In  wind  instruments  in  which  various  notes  are  produced  by  the 
opening  and  closing  of  holes  in  their  sides  by  means  of  the  fingers  or 
keys,  tliore  is  a  virtual  variation  in  the  length  of  the  sounding  part 
of  the  tube  which  determines  the  pitch  of  the  various  notes  produced. 
In  some  cases,  the  length  of  the  tube  is  varied,  not  by  apertures 
opon<'d  and  closed  at  will,  but  by  an  actual  change  of  length  in  the 
tubt?  itself.  Examples  of  this  are  presented  in  some  brass  instruments, 
and  niori!  particularly  in  tbc  trombone. 

S7<).  Effect  of  the  material  composing  a  wind  inslrwneni. — Al- 
though the  length  of  the  column  of  the  air  included  in  the  tube  of  a 
wind  instrument  alone  determines  the  pitch  of  the  note,  its  iimbre 
dei)ends  in  a  striking  and  important  manner  upon  tbc  material  of 
which  the  tube  is  composed. 

877.  Example  in  organ  building.  —  It  is  well  known  that  organ 
builders  find  that  the  quality  of  tone  is  so  materially  connected  with 
the  (juality  of  the  material  composing  the  tube,  that  a  very  slight 
change  in  the  alloy  composing  a  metal  tube  would  produce  a  total 
change  in  the  quality  of  the  tone  produced.  The  excellence  of  an 
organ  doi^onds  in  a  great  degree  upon  the  skill  with  whicb  the  mate- 
rial of  the  tubes,  whether  wood  or  metal,  is  selected. 

878.  Sound  produced  by  a  gasjlame  in  a  glass  tube. — The  sound 
produced  by  a  jot  of  hydrogen,  directed  into  a  glass  tube,  forms  a  re- 
markable example  of  the  manner  in  which  tbc  sonorous  undulations 
of  air  would  be  produced  by  movements  originating  in  air  itself. 

This  apparatus,  the  explanation  of  the  pnnciple  of  which  is  due  to 
M.  de  la  Hive,  consists  of  a  small  glass  vessel  in  which  hydrogen  is 
generated  id  the  usual  way,  by  the  action  of  acid  on  uno  or  iron.    A 
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fannel  and  stop^sock  Ay  Jig.  256.,  are  provided,  by  wliicb 
the  supply  of  the  acid  may  he  renewed.  A  pipe  pro- 
ceeds from  the  centre  of  the  top  of  the  vessel  furnished 
with  a  stop-cock  c,  in  which  a  small  tube  is  inserted  t<?r- 
minating  in  a  very  small  aperture,  from  which  a  line  jet 
of  the  gas  escapes  when  the  stop-cock  is  opened,  and  a 
sufficient  pressure  produced  by  the  accumulation  of  gaa 
within  the  vessel.  The  jet  proceeding  from  t  in  this  man- 
ner  being  inflamed,  a  glass  tube  of  considerable  length 
and  having  a  diameter  of  about  two  inches  is  held  over 
it,  so  that  the  jet  is  made  to  bum  at  some  distance  above 
the  lower  end  of  the  tube.  A  musical  sound  will  thus 
proceed  from  the  air  within  the  tube,  the  intensity  of 
which  will  depend  upon  the  length  of  the  tube. 

This  effect  is  explained  as  follows : — The  vapour,  which 
Fig.  256.  jg  ^|jg  g^^^  product  of  the  combustion  of  the  hydrogen,  tills 
t  portion  of  the  tube  above  the  flame,  and  excludes  from  it  the  air, 
bat  the  cold  of  the  tube  soon  condenses  this  vapour,  and  a  vacuum  is 
produced,  into  which  the  air  rushes  with  a  rapid  motion.  This  effect 
being  repeated  by  the  continuance  of  the  combustion  of  the  hydrogen, 
a  corresponding  undulation  is  produced  in  the  column  of  air  in  the 
tube,  and  a  musical  sound  is  the  result. 

879.  Reflection  of  sound, — Elxplanation  of  echoes. — It  has  been 
ilready  shown,  that  when  undulations  propagated  through  a  fluid 
encounter  a  solid  surface,  they  will  be  reflected  from  it,  and  will  pro- 
ceed as  though  they  had  originally  moved  from  a  different  centre  of 
imdulaUon. 

Now,  if  this  take  place  with  the  sonorous  waves  of  air,  such 
waves  encountering  the  ear  will  produce  the  same  effect  as  if  they 
proceeded,  not  from  the  surrounding  body  which  originally  produced 
them,  but  from  a  sounding  body  placed  at  that  centre  from  which 
the  waves  thus  reflected  move.  Upon  these  principles,  echoes  are 
explained. 

If  a  body,  placed  at  a  certain  distance  from  the  hearer,  produce  a 
■oand,  this  sound  would  be  heard  first  by  means  of  the  sonorous 
nndulatioQS  which  produced  it  proceeding  directly  and  uninterruptedly 
from  the  sonorous  body  to  the  hearer,  and  afterwards  by  sonorous 
undulations  which,  after  striking  on  reflecting  surfaces,  return  to  the 
eir.     The  repetition  of  the  sound  thus  produced  is  called  an  echo. 

To  produce  an  echo  it  will  be  necessary,  therefore,  that  there  shall 
be  a  sufficient  magnitude  of  reflecting  surface,  so  placed  with  respect 
to  the  car,  that  the  waves  of  sound  reflected  from  it  shall  arrive  at 
the  ear  at  the  same  moment,  and  that  their  combined  effect  shall  be 
Bofficiently  energetic  to  afiect  the  organ  in  a  sensible  manner. 

Ify  for  example,  the  sounding  body  be  placed  in  a  focus  F  of  an 
•UipsOi  M  represented  in^^.  257.,  ihe  hearer  being  at  the  other  focus 
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t',  the  Bouiid  will  bo  first  heard  by  the  efieot  of  the  undulations,  which 
arc  produced  dirccdj  along  the  line  F  f',  from  one  focus  to  the  other. 
But  it  will  bo  heard  a  little  later  by  the  effect  of  the  waves,  which, 

diverging  from  the  sounding  body  at  f, 
strike  upon  the  elliptic  surface,  and  are 
reflected  to  the  other  focus  f',  where 
the  hearer  is  placed.  The  interval 
which  elapses  between  the  sound  and 
the  echo  in  this  case  will  be  the  time 
which  sound  takes  to  move  through  the 
difference  between  the  direct  distance 
f  f',  and  the  sum  of  the  two  distances 
at  any  point  in  the  ellipse  from  the  foci  F  f'.  It  has  been  already 
explained  that  the  sum  of  these  two  distances  is  always  the  same 
wherever  the  point  df  reflection  may  be,  being  equal  to  the  major  axis 
of  tho  ellipse.  It  is  for  this  reason  that  all  the  reflected  rays  of 
sound  from  every  part  of  the  ellipse  will  meet  the  ear  placed  at  F'  at 
the  same  niomeut,  since  tliey  will  take  the  same  time  to  move  over 
the  same  (li.sUiiioc.  If  the  reflected  surface  were  not  elliptical,  or  if, 
being  elliptical,  the  hearer  were  not  pLaccd  at  the  focus  f',  then  the 
sum  of  the  distances  of  the  different  points  of  the  reflecting  surface 
from  tlie  ear  would  be  different,  and  the  reflected  rays  of  sound  arriv- 
ing from  different  points  of  the  surface,  would  reach  the  ear  at  dif- 
ferent moments  of  time.  In  this  case,  each  ray  of  sound  would  be 
too  feeble  to  produce  sensation,  or  a  confused  effect  would  be  pro- 
duced. 

It  ia  not  nocossary  tliat  the  elliptic  surface  reflecting  the  sound 
should  be  complete.  If  different  portions  of  the  reflecting  sur&ce, 
a,  b,  Cy  dj  Cy/jfiff.  tliu.j  be  so  placed  that  they  would  form  part  of  the 
same  ellipse,  they  will  still  reflect  the  rays  of  the  sound  to  the  other 
focus  of  the  ellipse ;  and  if  they  are  so  numerous  or  extensive  as  to 
reflect  rays  of  sound  to  the  e.ir  in  sufficient  quantity  to  affect  the  sense, 
an  echo  will  be  heard. 

>^^0.  llrpeated  echoes. —  If  surfaces  lie  in  such  a  position  round 
tbe  points  r  and  r\  that  these  points  shall  be  at  the  same  time  the 
foci  of  different  ellipses,  one  greater  than  tho  other,  a  succession  of 
echoes  will  ensue,  the  sounds  reflected  from  the  greater  elliptic  surface 
arriving  at  the  ear  later  than  those  reflected  from  tho  lesser.  The  in- 
terval between  the  successive  echoes  in  such  a  case  would  be  the  time 
which  the  sound  takes  to  move  over  a  space  equal  to  the  difference 
between  the  major  axes  of  the  ellipses. 

If  a  person  who  utters  a  sound  stand  in  the  centre  8  of  a  circle, 
fig.  *J5S.,  the  eireumfereuce  of  which  is  either  wholly  or  partly  com 
posed  of  surfaces,  such  as  a,  h,  c,  d,  e,  which  reflect  sound^  ne  will 
hear  the  echo  of  his  own  voice;  as  in  this  case,  the  sonorous  un- 
dulation which  pnx'ceds  from  the  speaker  encountering  the  reflecting 
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BorfiMses  in  a  direction  perpendicular  to 
them,  will  be  reflected  by  them  back  to  the 
speaker^  as  represented  by  the  arrows,  and 
will  reach  his  ear  after  an  interval  corre- 
sponding  to  that  which  sound  require  to 
move  over  twice  the  radius  of  the  circle. 
If  the  speaker  in  such  a  case  be  surrounded 
by  surfiices  composing  either  wholly  or  partly 
two  or  more  circles,  of  which  he  is  the  com- 
mon centre,  then  he  will  hear  a  succession 
of  echoes  of  his  own  voice,  the  interval  be- 
tween them  corresponding  tc  the  time  which 
ioand  would  take  to  move  over  twice  the  difference  between  the  suo- 
nve  radii  of  the  circles. 


Fig.  858. 
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Fig.  259. 


If  a  speaker  stand  at  8,^.  259.,  midway  between  two  parallel 
vails  A  and  b,  these  walls  may  be  considered  as  foiming  part  of  a 
dicle  of  which  he  is  the  centre,  and  they  will  reflect  to  his  ear  the 
aannds  of  his  own  voice,  producing  an  echo.  In  this  case,  the  posi- 
tion of  the  speaker  8  being  equally  distant  from  A  and  B,  the  sounds 
reflected  from  these  surfiEKies  will  return  to  his  ear  simultaneously, 
aad  produce  a  single  perception.  But  a  part  of  the  undulation  re- 
flated from  B,  not  intercepted  by  the  speaker  at  8,  will  arrive  at  A, 
aad  will  be  reflected  from  a  and  again  arrive  at  s,  where  it  will  affect 
the  ear.  The  same  may  bo  said  of  the  sounds  reflected  from  A,  which; 
proceeding  to  b,  will  be  again  reflected  to  s,  and  as  the  distance 
moved  over  by  the  sounds  thus  twice  reflected  are  equal,  they  will 
arrive-  nmoltaneously  at  s,  and  would  then  produce  a  second  echo. 
This  flecond  echo,  therefore,  will  proceed  from  the  successive  reflections 
of  the  aound  by  the  two  walls  a  and  b,  and  the  interval  between  it 
and  the  first  echo  will  be  the  time  which  sound  takes  to  move  over 
twice  the  distance  8  A,  or  the  whole  distance  between  the  two  walls. 

Thus,  if  the  two  surfaces  a  and  B  were  distant  from  each  other 
1120  feety  then  the  interval  between  the  utterance  of  the  sound  and 
the  first  echo  would  be  one  second,  and  the  same  interval  would  take 
place  between  the  successive  echoes. 

If  the  speaker,  however,  be  placed  at  a  point  s^Jig.  260.|  which  is 
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not  midway  between  the  two  walls  A  and  B,  the  echo  proceeding  from 
the  first  reflection  by  the  wall  A  will  be  heard  before  the  echo  which 
proceeds  from  the  reflection  by  the  wall  B,  and  in  this  case  a  single 
reflection  from  each  wall  will  produce  two  echoes. 

If  we  suppose  a  second  reflection  from  each  wall  to  take  place,  two 
echoes  will  be  nfi^iin  produced.  Thus  in  case  there  are  two  reflections 
from  each  wall,  four  echoes  will  be  heard ;  and  in  general  the  number 
of  echoes  which  will  be  heard  will  be  double  the  number  of  reflections. 

881.  Each  succeeding  echo  less  loud,  —  It  may  be  asked,  why 
the  numlx^r  of  reflections,  in  such  case,  should  have  any  limit  ?  The 
answer  is,  that  the  reflected  waves  are  always  more  feeble  than  the 
direct  waves ;  and  that  consequently  intensity,  or  loudness,  is  lost  by 
each  reflection,  until  at  length  the  waves  become  so  feeble  as  to  be  in- 
capable of  aflecting  the  ear.  A  speaker  can  articulate  so  as  to  be  dis- 
tinctly audible  at  the  average  rate  of  four  sylhibles  per  second.  If, 
therefore,  the  reflecting  surface  be  at  the  distance  of  1120  feet,  the 
echo  of  his  own  voice  will  be  perceived  by  him  at  the  end  of  two 
seconds  after  each  syllabic  is  uttered ;  and  since,  in  two  seconds,  he 
can  utter  eight  syllables,  it  follows  that  he  can  hear,  successively,  the 
echo  (»f  these  ejtzht  syllables ;  if  he  continue  to  speak,  the  sounds  he 
utti-rs  will  1)0  confusj'd  with  those  of  the  echo. 

Tlio  nmre  distant  the  reflecting  surfaces  are,  the  grejiter  will  be  the 
nunilxr  f)f  syllables  which  can  be  rendered  audible  by  the  ear. 

It  is  ndt  necessary  that  the  surface  protlucing  an  echo  should  be 
either  hard  or  polished.  It  is  often  observed  at  sea,  that  an  echo  pro- 
ceeds fri)ni  the  surface  of  the  clouds.  The  sails  of  a  distant  ship  have 
bt»en  found  also  to  return  very  distinct  echoes. 

v^8'2.  Rvmarkahle  ca^cx  of  multiplied  echoes. — Numerous  exam- 
ples are  record<»(l  of  multiplied  repetitions  of  sound  by  echoes.  An 
echo  is  produced  near  Verdun  by  the  walls  of  two  towers,  which  re- 
p<Mts  twelve  or  thirteen  times  the  same  word.  At  Ademach,  in  Bo- 
hemia, there  is  an  echo  which  repeats  seven  syllables  three  times  dis- 
tinctly. At  Lurlcyfels,  on  the  Khine,  there  is  an  echo  which  repeats 
seventeen  times.  The  echo  of  the  Capo  di  Bouve,  as  well  as  that  of 
the  Metelli  of  Kome,  w:is  celebrated  among  the  ancients.  It  is  mat- 
ter of  tnidition  that  the  latter  was  capable  of  repeating  the  first  line 
of  the  ^'Encid,  which  contains  fifteen  syllables,  eight  times  distinctly. 
An  echo  in  the  Villa  Simonctta,  near  Milan,  is  said  to  repeat  a  loud 
sound  thirty  times  audibly.  An  echo  in  a  building  at  Pavia,  is  said 
to  have  answered  a  question  by  repeating  its  last  syllable  thirty  times. 

88.-5.  Whispering  galleries,  —  Whispt^ring  galleries  are  formed  by 
smooth  walls  having  a  continuous  curved  form.  The  mouth  of  the 
speaker  is  i)rescnted  at  one  point  of  the  wall,  and  the  ear  of  the  hearer 
at  another  and  distant  point.  In  this  case  the  sound  is  successively 
reflected  from  one  point  of  the  wall  to  another  until  it  reaches  the 
lar. 
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884.  Speaking  tubes.  —  Speaking  tubes,  by  which  words  spoken 
in  one  place  are  rendered  audible  at  another  distant  place,  depend  on 
the  same  principle.  The  rajs  of  sound  proceeding  from  the  mouth 
tt  one  end  of  the  tube,  instead  of  diverging,  and  being  scattered 
through  the  surrounding  atmosphere,  are  confined  within  the  tube, 
being  suooessively  reflected  from  its  sides,  as  represented  iu^^.  201. ; 


Fig.  261. 

80  that  a  much  grea.ter  number  of  rays  of  sound  reach  the  car  at  the 
remote  end,  than  could  have  reached  it  if  they  had  proceeded  without 
reflection. 

Speaking  tubes,  constructed  on  this  principle,  are  used  in  largo 
buildings  where  numerous  persons  are  employed,  to  save  the  tiuio 
which  would  be  necessary  in  dispatching  messages  from  one  part  of 
the  building  to  another.  A  speaking  tube  is  sometimes  used  on  ship- 
bfMird,  being  carried  from  the  captain's  cabin  to  the  topmast.  A  like 
effect  is  produced  by  the  shafts  of  mines,  walls,  and  chimneys,  as 
well  as  by  pipes  used  to  convey  heated  air  or  water. 

885.   Speaking  trumpet, 
—  The  speaking  trumpet  is 
another  example  of  the  prac- 
tical application  of  this  prin- 
ciple.    A  longitudinal  sec- 
tion of  this   instrument  is 
represented    in   Jig,    2 02. 
The  form  of  the  trumpet  is 
such,  that  the  rays  of  sound 
whica  diverge  from  the  mouth  of  the  speaker  are  reflected  pamllel  to 
the  axis  of  the  instrument.     The  trumpet  being  di- 
rected to  any  point,  a  collection  of  parallel  rays  of 
sound  moves  towards  such  point,  and  they  reach  the 
ear  in  much  greater  number  than  would  the  divcrcrin;; 
rays  which  would  proceed  from  a  speaker  without  such 
instrument. 

886.  Hearing  trumpet, — A  hearing  trumpet  re- 
presented in  Jig.  263.,  is,  in  form  and  application,  the 
reverse  of  the  speaking  trumpet,  but  in  principle  the 
same.  The  rays  of  sound  proceeding  from  a  speaker  more  or  less 
distant,  enter  tiie  hearing  trumpet  nearly  parallel;  and  the  form  of 
the  inner  surface  of  such  instrument  is  such  that  after  one  or  more 
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refleotionsy  they  are  made  to  conyerge  upon  the  tjmpaiinm  of  the 
ear. 

If  a  sonndiDg  body  be  placed  in  the  focus  of  a  parabola  formed  of 
any  material  capable  of  reflecting  sound,  the  rays  which  issue  from  it 
will,  after  reflection,  proceed  in  a  direction  parallel  to  the  axis  of  tlie 
parabola.  This  will  be  apparent  from  mhai  has  been  explained  in 
807. ;  and  if,  on  the  other  hand,  rays  parallel  to  the  axis  strike  on 
such  a  surface,  they  will  be  reflect(Ki  conyerging  towards  the  focus. 
Hence  it  appears  that  a  parabola,  in  the  focus  of  which  the  mouth  of 
the  speaker  is  placed,  would  bo  a  good  form  for  a  speaking  trumpet 

If  a  watch  be  placed  in  the  focus  of  a  parabolic  sur&ce,  such  as  a 
metallic  speculum  of  that  form,  an  ear  placed  in  the  direction  of  its 
axis  will  distinctly  hear  the  ticking,  though  at  a  considerable  distance; 
but  if  the  parabolic  reflector  be  remoyed^  the  ticking  will  be  no  longn 
heard. 


CHAP.  V. 

THE  ORGANS  OF   SPEAKING   AND   HEAJtING. 

887.  Organs  of  voice.  —  The  organ  of  voice  in  the  human  species 
is  an  apparatus  consirtting  of  a  pipe  extending  in  a  vertical  direction 
throu^'h  tlie  throat,  having  an  air-chest  at  its  lower  end,  and  a  com- 
plicated apparatus  adapted  to  impart  sonorous  undulations  to  the  ex- 
ternal air  at  itvS  ui)per  extremity.  This  pipe,  which  is  called  the 
trachea  or  wiii(l-pij)o,  aud  which  is  very  nearly  of  a  cylindrical  form, 
consists  of  a  scries  of  strong  cartilaginous  rings  united  one  to  another 
by  a  flexiMo  membrane,  so  that  the  interior  tube  has  more  or  less 
elasticity  both  longitudinally  and  laterally;  that  is  to  say,  that  within 
certain  limits  it  is  capable  of  varying  botli  its  length  and  diameter. 
This  pipe  is  at  its  lower  extremity  divided  into  two,  which  being  di- 
rected to  the  right  aud  left,  terminate  in  the  lungs,  over  the  tissue 
of  which  their  extnimities  are  spread. 

Tlie  lun;j^s  play  the  part  of  the  air-chest  of  an  organ  in  relation  to 
the  wind-pipe.  Tlie  air  which  is  inspired  filling  the  lungs  is  com- 
pressed within  them  by  the  muscular  action  of  the  chest,  and  is  thus 
driven  through  the  wind-pipe  with  a  force  proportional  to  the  differ- 
ence between  the  elasticity  of  the  air  thus  compressed  in  the  lungs 
and  that  of  the  external  atmosphere. 

Towards  the  upper  extremity,  the  trachea  is  gradually  contracted  in 
one  direction  and  flattened,  so  as  to  terminate  in  a  narrow  slit-like  open- 
ing, which  is  closed  by  two  membranes  capable  of  being  brought  into 
'x>ntAct,  and  which  are  opened  to  a  greater  or  less  extent  by  the  ao- 
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tioD  of  tlie  will  exerted  upon  the  muscles  which  govern  them.  This 
dity  which  may  he  compared  to  the  opening  between  the  two  reeds 
which  form  the  mouth-piece  of  a  hautboy,  is  called  the  glottis. 

The  length  of  the  opening  of  the  glottis  is  about  an  inch  hnd  a 
quarter.  Between  the  glottis  and  the  first  ring  of  the  trachea  is  a 
cartilaginous  passage,  gradually  widening  from  the  glottis  downwards, 
and  capable,  by  muscmar  action,  of  being  varied  within  considerable 
limits  in  its  transversal  area. 

Immediately  above  the  glottis  is  a  cavity  called  the  ventricle,  tbo 
height  of  which  is  about  half  an  inch.  The  superior  part  of  this 
cavity  is  provided  with  an  opening,  forming  a  sort  of  superior 
glottis. 

888.  Manner  in  which  vocal  sounds  are  produced.  —  The  air  pro- 
pelled from  the  chest  through  the  wind-pipe,  passing  rapidly  through 
the  glottis  into  the  ventricle,  and  again  through  the  superior  glottis, 
produces  sonorous  undulations,  and  would  be  attended  with  only  sound 
without  articulation,  but  the  mouth,  the  tongue,  teeth,  and  lips,  and 
nasal  passages,  supply  the  means  of  varying  without  limit  the  timbre 
of  each  sound,  and  of  giving  it  infinitely  varied  articulation.  The 
flexibility  of  the  tongue  acting  on  the  palate,  the  mouth,  and  the 
teeth ;  that  of  the  lips  acting  on  each  other  and  contracting  in  an  in- 
finite variety  of  degrees ;  the  mobility  of  the  jaws,  and  the  effect  of 
the  nasal  passages  on  the  air  propelled  through  the  mouth,  all  com- 
bine in  giving  variety  without  limit  to  the  sounds  produced  by  the 
apparatus  just  described. 

889.  Articulation  of  vowels  and  consonants. — The  vowels  are  pro- 
duced by  opening  or  closing  in  different  degrees  the  passages  between 
the  lungs,  the  palate,  and  the  lips.  The  consonants,  on  the  other 
handy  are  produced  by  interrupting  at  intervals  the  current  of  air 
prooecding  through  the  mouth  by  meiins  of  the  tongue,  the  lips,  and 
the  teeth;  and  hence  these  have  been  classed  as  labials,  palatals, 
lingualsy  gutturals,  &c. 

890.  ^n  hypotheiis  in  which  the  vocal  organ  is  regarded  as  similar 
to  a  hautboy,  —  Physiologists  are  not  agreed  as  to  the  principle  upon 
which  sound  is  produced  by  the  organ  of  voice.  Two  hypotheses 
have  been  advanced  to  explain  it  In  the  first,  and  that  which  ap- 
peaiB  the  most  generally  received,  the  organ  of  voice  is  considered  to 
be  analogous  to  the  hautboy,  the  lips  of  the  glottis  performing  the 
part  of  the  double  reed  in  the  mouth-piece  of  that  instrument.  It  is 
considered  that  the  air  arriving  through  the  wind-pipe  and  issuing 
between  the  lips,  puts  them  into  vibration  more  or  less  rapidly,  and 
that  these  vibrations  impart  corresponding  undulations  to  the  external 
ur.     The  superior  opening  aids  in  this  emict. 

The  varied  pitch  of  the  tones  produced  by  the  voice  is  explained  in 
this  system  partly  by  the  contraction  and  expansion  of  the  trachea, 
and  especially  of  its  superior  part,  partly  by  widening  and  contracting 
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the  opening  of  the  glottis,  and  partiv  by  the  power  of  giTing  more  or 
less  closeness  to  the  lips  of  the  glottis. 

891.  Erpcriments  of  Magmdie  and  others  in  mnpart  of  rAif.— 
Tliis  theory  has  not  l>ecn  allowed  to  rest  on  mere  njpothesis.  M. 
Mngendio  has  made  numerous  experiments  on  inferior  animals  for  the 
purpose  of  Tcrifying  it  by  direct  observation.  He  has  for  example 
laid  Ixirc  the  trachea  and  its  appendages  in  liring  dogs,  and  has  ob- 
Bor\'od  the  lips  of  the  glottis  enter  into  yisible  vibration  when  these 
animals  uttered  cries.  lie  has  also,  in  the  same  experiment,  shown 
that  the  slit-like  aperture  of  the  glottis  is  contracted  when  the  Boonds 
uttered  become  acute,  and  is  widened  when  they  become  grave. 

Numerous  experiments  have  been  made  by  other  pbysiolo^sts  npon 
the  organs  of  voice  of  animals  recently  deprived  of  life.  In  these  ex- 
periments, air  has  been  forced  through  the  trachea  by  bellows,  anil 
sounds  have  been  thereby  produced  more  or  less  analogous  to  those 
uttered  by  the  living  animal. 

892.  An  hypoiliegis  in  tohich  the  vocal  organ  it  regarded  as 
similar  to  a  bird-call.  —  The  second  hypothesis  by  which  the  effect 
of  the  vocal  organ  is  explained  assimilates  it  to  a  bird-call.  In  this 
system,  the  cavity  or  ventricle  immediately  above  the  glottis  already 
d(\«eribed  is  considereil  as  analogous  to  the  barrel  of  the  bird-call ;  the 
glottis  and  the  suix»rior  opening  above  it  represent  the  two  holes  in 
the  circular  sides  of  the  bird-call.  According  to  this  system,  the 
sonorous  undulations  arc  imparted  to  the  air,  not  by  the  vibration  of 
the  lips  of  the  glottis,  but  by  the  alteiiLiatc  compression  and  expansion 
of  the  air  included  in  the  ventricle  between  the  upper  and  lower 
glottis. 

This  alternate  compression  and  expansion  is  varied  by  the  pressure 
of  the  air  propelled  from  the  lungs,  and  by  the  muscular  action  of  a 
part  of  the  tnichea  and  its  appendages. 

lu  this  system,  the  pitch  of  the  sound  uttered  is  also  considered  to 
be  effoeted  by  the  power  of  varjing  the  opening  of  the  glottis.  The 
eflRjcts  produced  by  the  tongue,  lips,  teeth,  palate,  jaws,  and  nasal 
passages  in  varying  the  timbre  and  articulation  of  the  sound  are  ex- 
plained in  the  same  manner  as  in  the  former  hypothesis. 

803.  Vocal  organs  of  birds.  —  Savart,  who  inclines  to  this  theory, 
has  made  numerous  experiments  in  support  of  it.  In  inferior  animals, 
and  more  especially  in  birds,  the  arrangement  of  the  organ  of  voice 
ditTi:rs  materially  from  the  human  species.  The  mechanism  which 
provinces  sonorous  undulations  instead  of  being  at  the  top  is  at  the 
bottom  of  the  trachea,  the  resemblance  to  wind  instruments  being 
thus  still  more  close  than  in  the  case  of  the  human  voice. 

It  will  be  observed  that  in  the  human  organ  as  already  described, 
air  enters  at  that  part  of  the  wind-pipe  most  distant  from  the  reed  or 
mouth-piece,  contrary  to  the  arrangement  of  a  wind  instrument.  In 
the  case  of  birds,  however,  the  mechanism  composing  the  mouth-pieoe 
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[  at  tW  port  of  the  wnd-prpe  wbfdi  i«  imi  tbo  hmgB ;  and, 
ftraserjacntlj,  the  air  h  affected  by  it  before  it  enten  the  wind-pipe. 
Id  tke^  animal?,  tberefbre^  air  passoa  thtoagh  tbe  wind-pipe  in  a  state 
of  sonorous  andahtHoD,  wbcreos  in  the  human  speoies  tiiidalationfl 


etnamence  After  it  ]<?-aves  the  wind-pipo. 


y     894.  Ej-perimtnts  of  Cwier,  —Owner  made  some  important  er- 

perimentd  in  veri^ciLtion  of  tbia  theory  of  the  TOcal  organs  of  birds. 

,     He  found  that,  having  tjiken  off  the  head  of  a  dude,  the  Tcnce  of  the 

^  Inimal  conttniicd  to  utter  cries,  both  loud  and  weill  artienhited^  for  a 

^VKt^derable  time  afler  decapitation, 

8Q5-  Organs  of  hearing.  —  The  or^gnn  of  hearing  in  the  hnman 
ipe^es  consists  of  three  distinct  parts,  the  firat  and  exterior  of  which 
vould  resemble,  in  ita  general  form  and  construction,  an  ear-trumpet^ 
if  an  elastic  membrane,  sncb  as  a  piece  of  parchment^  were  stretched 
light  over  the  inner  end  of  that  instramcDt  which  b  applied  to  the 
ear,  Tbo  external  visible  port  of  the  ear  ia  analqgons  to  the  wide 
«id  of  the  ea^^-t^umpot,  and  serves  the  purpose  of  oolleoting  the  raprs 
Df  fiound,  and  reflecting  them  inwards  into  the  pipe  which  forms  its 
eontinuation,  contnictiag  as  it  proceedBj  and  which  enters  an  appara- 
ta3  formed  in  the  skull  behind  the  external  and  yimble  ear.  This 
jiipe^  which  is  formed  of  tbe  same  cartilaginous  and  gristly  substance 
ti  tiU  external  ^r,  after  entering  the  sknll^  and  gindnallj  oontracdng 
fti  ^mensions,  terminotea  in  a  small  aperture,  which  is  covered  by  a 
^ttembmne  tightly  stretched  over  it,  allied ,  from  its  analogy  to  the 
Darchment  eitended  over  a  drum-head,  the  mtmbrana  iympam  or 
dminrmtmbTOTie  of  the  car.  This  elaatie  membrane  is  highly  suscept- 
ibte  of  TibraBcFn,  and,  when  aflTected  by  the  sonorous  nndnhtion  of  Uie 
tir  transmitted  to  it  by  the  funnel  and  canal  already  described,  vi- 
\ntm»  in  correspondence  with  them* 

Behind  this  membrane  is  the  second  chamber  <ii  the  ear,  which  is 
dDed  Ibe  ifmpanum  or  dram  of  tlie  ear,  and  conesponds  to  the  space 
batvem  dw  two  heads  of  a  dram. 

This  ohambor  k  illed  with  air,  which  is  sapplied  by  a  pipe  com- 
■wiwitingbetwieii  it  and  the  mcmth.  This  free  commonication  with 
tta  inoQti^  juid  throorii  the  month  with  the  external  atmosphere, 
keeps  lbs  -air  in  the  £am  eonsteatly  in  eqnilibriam  with  the  atmo- 
I  |insBUii!i,  and  its  oontaet  with  iba  sorroandinff  hones  and  flesh 
the  air  within  it  al  the  constaenltemperataretf  the  blood.  This 
nation  nf  pnssore  and  tempevatnre  is  essential  to  the  due  sen- 
sifaility  and  healthy  action  of  the  tympannm :  fbr  i^  b^  any  accidental 
ansa,  or  cmnie  denmgement^  the  pipe  of  oomnramoaCion  with  the 
mottth,  eallal  the  Bostachian  tabe,  m  obstrooted,  a  homminff  of  the 
Inoes  annoyance  by  a  oonsoioaflneaB  of  its  de- 


Mr  aztrenuty  of  the  second  chamber  4if  the  ear  just  de 
saAad  thsrs  Is  aaother  opening,  called  the  JfaMiIra  osaKs,  covered 
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by  ft  rimiUur  elastio  membrane,  Urns  eompktiiig  Ibe  uudogy  of  die 
dram.  Attnobed  to  the  membruift  tympftni,  or  dnun-membnne,  k  a 
chain  of  minute  bones,  which  are  oarried  to  the  inner  ear,  and  appear 
to  perform  some  functions  in  the  oondnction  of  soand  which  hate  nol 
been  fully  explained.  It  seems,  however,  certain,  that  this  chain  of 
bones,  which  are  capable  of  extension  and  contraction,  haya  the  effset 
of  increasing  or  relaxing  the  tension  of  the  membrane  of  the  dram, 
and  thereby  rendering  the  or^  more  or  less  sensible. 

Within  the  fenestra  ovalis  is  the  inner  ear,  filled  with  a  complicated 
mechanism  of  canals  and  ducts,  the  nses  of  which  are  yrerj  imper* 
CbcUt  understood,  and  can  scarcely  be  regarded  as  moro  than  conjee* 
tural. 

Three  of  these,  which  have  a  semieircniar  fi>rm,  and  which  are  dis- 
posed in  planes  at  right  angles  to  each  other,  are  anppoeed  to  indicate 
the  direction  from  which  sounds  proceed.  This  inner  chamber  is 
filled  with  a  liquid  in  which  the  acoustic  nerve,  consisting  like  other 
nerves  of  a  bundle  of  fine  cords,  floats.  This  nerve  is  continued  to 
the  brain,  where  it  discharges  its  functions  in  the  production  of  sen- 
sation. 

Thus  the  sonorous  undulations  of  the  external  atmosphere,  col- 
lected and  reflected  by  the  external  car,  impart  corresponding  vibra- 
tions to  the  membrana  tympani.  This  transmits  these  vibrations  to 
the  air  which  fills  the  cavity  within  it,  and  probably  also  to  the  chain 
of  small  bones  already  described.  These  undulations  are  next  im- 
parted to  the  membrane  which  is  stretched  over  the  fenestra  ovalis 
and  other  small  membranes,  too  complicated  to  be  described  here. 
The  vibratious  of  this  ktter  membrauc  are  imparted  to  the  liquid 
which  fills  the  inner  ear,  and  in  which  is  the  acoustic  nerve ;  this 
nerve,  in  fine,  receives  the  vibrations  from  the  fluid  round  it^  and 
Vransmits  them  to  the  brain. 


k 

Fig.  265. 


Fig.  964 


Fig.  966. 
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The  representation  of  tbe  ear  and  its  appendages  in^.  264.  may 
lender  this  explanation  still  more  intelligible. 

nie  funnel  of  the  external  ear  is  represented  at  a,  technically 
oiled  the  ala  or  wing;  the  canal  which  leads  from  this  funnel  and 
enters  the  aperture  already  mentioned  in  the  skull  is  represented  at 
4;  the  membrana  tympani  or  elastic  membrane  extended  over  the  end 
of  this  canal  is  represented  at  c ;  the  fenestra  ovalis  is  placed  at  v ; 
tnd  the  chain  of  small  bones  which  connects  the  membrane  of  the  tym- 
Muinm  with  that  of  the  fenestra  ovalis  is  separately  represented  in^. 
205.  by  m  e  /  f ;  the  first  and  principal  of  these  bones  m,  attached  to  the 
MirfiK»  of  the  tympanum,  forming  a  sort  of  solid  radius  of  this  mem- 
bfrnne,  extends  from  the  centre  to  the  air.  The  membrana  tympani, 
with  these  bones  attached,  is  represented  in^.  266.  There  are  seve- 
nl  muscles  which  act  upon  the  chain  of  small  bones  melt,  which  con- 
neet  the  two  membranes  of  the  tympanum  and  the  fenestra  ovalis,  so 
m  to  contract  or  relax  them,  thereby  simultaneously  increasing  or 
^wwitiUtiing  the  tenaon  of  the  two  drum-heads. 
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1.  In  the  hydrovtatio  prest,  repT«>«ntttil  in  Jig.  173L,  tbe  dbmotar  of  lb* 
eylindar  o  it  1  inoh,  aiid  ttiAc  of  ihe  eyUnd«r  c'  3|  fitet ;  the  nrni  of  At 
power  LM  is  9  feei,  knd  the  arm  of  x  n  2}  tnobei ;  witb  wfast  (bnawQI 
the  planger  ▲'  be  urged  upwards  by  &  weight  of  150  \b&*  applied  at  (1 

2.  A  cylindrical  Tessel  3  incbei  in  di&metar  mud  1  fbot  long,  !■  letdown 
into  the  sea  5,000  feet :  what  pteMUie  wU)  be  exerted  on  the  tioQTex  n^ 
face  !  and,  supposing  one  end  to  be  closed  by  a  waterHigfat  stopper,  with 
what  force  will  it  be  urged  inwards  f  (636.  and  640.) 

3.  A  Greenland  whale  sometimes  has  a  surface  of  3,600  aqoare  feet: 
what  pressure  would  he  bear  at  the  depth  of  800  fathoms  f 

NoTK.  —  In  the  two  preceding  examples,  as  well  as  in  articles  635.  and 
636.,  no  allowance  is  made  for  the  increased  speoiflo  gravity  of  water  at 
great  depths. 

4.  A  cubical  vessel,  each  side  of  which  is  ten  feet  square,  is  filled  with 
water,  and  ft  tube  thirty-two  feet  long  is  fitted  to  an  aperture  in  it,  whose 
area  is  one  square  inch.  If  the  tube  be  vertical,  of  the  same  diameter  as 
the  aperture,  and  filled  with  water,  what  is  the  pressure  on  the  interior 
surface  of  the  vessel,  taking  into  consideration  only  the  weight  of  the  water 
m  the  tube  7 

5.  What  is  the  pressure  on  the  bottom  of  the  vessel,  in  Example  4,  when 
the  weight  of  the  water  in  the  vessel  is  taken  into  account:  lat.  without  the 
vertical  tube,  and  2d,  with  it  ? 

6.  What  is  the  pressure  on  each  vertical  side  of  the  vessel,  the  weight 
of  the  water  both  in  the  tube  and  vessel  being  considered  f 

7.  A  sphere  15  feet  in  diameter  is  filled  with  water:  what  is  the  entire 
pressure  on  the  interior  surface?  and  what  is  the  weight  of  the  water? 
(633.) 

8.  If  the  sphere,  in  the  preceding  example,  were  filled  with  raereary 
whose  sp.  gr.  is  13-598,  what  would  be  the  pressure  and  the  weight?  (637.) 

9.  A  solid  weighs  1,500  lbs.  in  air  and  1,325  lbs.  in  water:  what  is  its 
'specific  gravity? 

10.  If  the  air-weight  of  a  substance  soluble  in  water  be  900  grains,  and 
Its  weight  in  mercury  128  grains,  what  is  iu  speoifio  gmvitr  f 
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11.  An  iiland  of  ieo  risM  50  feet  oat  of  water,  and  iu  apper  larfaoe  ii  a 
drcnlar  plane,  containing  Jths  of  a  square  acre.  On  the  tupposttion  that 
the  mass  is  cylindrical,  what  is  its  weight  and  depth  below  the  water,  the 
sp.  gr.  of  sea-water  being  1-026,  and  that  of  ice,  *865 1 

12.  A  cylindrical  vessel  3  feet  in  diameter  and  15  feet  high  is  kept  con- 
stantly filled  with  water;  a  circular  aperture  1  inch  in  diameter  being 
made  in    the   bottom,  with  what  velocity  will    the  liquid  escape?    and 

vnat  quantity  will  escape  in  2  hours  ?  (682.,  685.,  and  687.) 

13.  If  the  Tessel  in  the  previous  example  be  allowed  to  empty  itself, 
what  will  be  the  velocity  of  efflux  at  the  commencementi  and  what  time 
will  be  required  for  the  complete  exhaustion? 

Norm.  —  In  article  685^  the  sectional  area  of  the  contracted  vein  is  stated 
to  be  about  two-thirds  that  of  the  orifice.  Measurements  of  the  vein  made 
of  late  by  many,  and  especially  by  Weisbach,  show  that  the  vein  at  a  dis- 
tance equal  to  about  half  the  width  of  the  orifice,  has  the  greatest  con- 
traction, and  a  diameter  -8  that  of  the  orifice.  Hence,  since  the  areas  are 
as  the  squares  of  the  diameters,  if  o'  be  the  sectional  area  of  the  con- 
tracted vein,  and  o  that  of  the  orifice,  we  shall  have 

o'  =  -64o. 
The  fiustor  -64  is  called  the  coefficient  of  contrartion.  But  experiments  made  by 
Michelotti,  by  Eytelwein,  and  by  Weisbach,  with  smoothly  polished  metal- 
lic orifices,  have  shown  that  the  efifective  discharge,  or  that  which  actually 
flows  out,  amounU  to  from  96  to  98  per  cent  of  the  theoretical  discharge, 
taking  into  account  the  effect  of  the  contracted  vein.  Since  the  area  of  the 
orifice  remains  the  same,  the  theoretical  velocity  of  the  escaping  liquid 
most  be  diminished  in  the  same  proportion  as  the  theoretical  discharge  or 
efllnz.  This  loss  of  velocity  is  caused  by  the  friction  of  the  water  with  the 
•idee  of  the  orifice,  and  perhaps  by  the  imperfect  fluidity  of  the  water  it- 
self. Hence,  calling  the  real  or  effective  velocity  of  escape  v',  and  taking 
tho  mean  per-centage,  we  have 

V  =  -97v  =  -97  X2y/  193  H. 
Tho  fiustor  *97  is  called  the  coefficient  of  velocity.    Hence,  also,  we  shall  hare 
fcr  the  real  or  eflfective  efflux  per  second, 

E=o'xV 


=  -64  o  X  -97  X  2  ^/  193  ■ 


=  •620  X  2'v/193h. 
The  Ikctor  -62,  which  is  the  product  of  the  coefflcients  of  contraction  and 
velocity,  is  called  the  eoeffitient  of  efflux. 

This  gives  us  for  the  quantity  actually  discharged  in  any  time  f, 

a  =  (X-62oX  2  v^  193  H ; 
the  liquid  being  understood  to  be  kept  constantly  at  the  same  level. 

Similarly,  we  shall  have  for  the  actual  time  of  exhaustion  in  seconds, 

1= !^=- 

•62o^193h. 
The  above,  however,  must  be  regarded  only  as  a  nuan  value  for  the  coeffi 
cient  of  efflux.     Multiplied  observations  have  shown  that  it  is  not  constant : 
being  greater  for  small  orifices  and  for  small  velocities  than  for  large  oH 
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fleet  anil  great  TelocitieB ;  and  being  oonaiderably  greater  fiir  eloogated  ind 
•mall  oriAces  tban  for  orifices  which  have  a  regular  foTm^  or  which  apprez- 
imate  to  the  circle. 

14.  The  horizontal  section  of  a  cylindrical  vessel  is  100  sqoare  inehei, 
iu  altitude  is  00  inches,  and  it  has  an  orifice  whose  seotiooal  area  isooa- 
tenth  of  a  square  inch.     What  will  be  the  admal  time  of  exhaustion  I 

15.  If  a  piece  of  stone  weigh  10  lbs.  in  air,  but  only  6]  lbs.  in  wsier, 
what  is  iu  specific  gravity  ? 

16.  Suppose  a  piece  of  elm  weighs  15  lbs.  in  air,  and  that  a  piece  of 
copper,  which  weit^hs  18  lbs.  in  air  and  16  lbs.  in  water,  is  affixed  (o  it, 
and  that  the  compound  weighs  6  lbs.  in  water;  what  is  the  <peoifio  grsrity 
of  the  elm? 

17.  A  piece  of  cast-iron  weighed  ^i-f^  oz,  in  a  liquid,  and  40  oz.oatof 
It :  of  what  sp.  gr.  is  that  fluid  1 

18.  A  compound  weighing  112  lbs.  is  made  of  tin  and  copper;  the  ip. 
gr.  of  the  compound  is  8*784,  that  of  tin  7*291,  and  that  of  copper  8*850: 
what  is  the  quantity  of  each  ingredient? 

19.  How  many  cubic  feet  are  there  in  a  ton  of  zinc?  (778.) 

20.  What  is  the  weight  of  a  block  of  Parian  marble,  whose  length  is  63 
feet,  and  its  breadth  and  thickness  each  12  feet? 

21.  A  tube  30  inches  long,  closed  at  one  end  and  open  at  the  other,  wai 
let  down  into  the  sea  with  the  open  end  downwards,  until  the  inclosed  air 
occupied  only  one  inch  of  the  tube.  Assuming  the  truth  of  5Iariotte's  law, 
how  far  did  it  descend?  (708.,  G3d.  and  640.) 

22.  A  spherical  air-bubble,  baring  risen  from  a  depth  of  3,000  feet  in 
sea-water,  was  nine  inches  in  diameter  when  it  reached  the  surface.  What 
was  its  diameter  in  its  original  position  7 

23.  A  cylindrical  tube  40  inches  long  is  half  filled  with  mercury  and 
then  inverted  in  a  vessel  of  mercury.  How  high  will  the  mercury  stand 
in  tlie  tube,  the  pressure  of  the  external  air  being  taken  at  30  inches? 

24.  With  what  velocity  per  second  does  air  rush  into  a  vacuum? 
Note. — The  reasoning  of  articles  679.,  680.,  681.,  and  682.  is  as  applicable 

to  this  case  as  to  that  of  liquids.  Hence,  air  rushes  into  a  vacuum  with  tkt 
velocity  tthirh  a  heavy  body  toould  acquire  by  falling  from  the  top  of  a  homogene- 
ous atmosphere.  This  height  varies  with  the  temperature  and  other  circum- 
stances. At  the  temperature  of  32°,  the  barometer  standing  at  30  inches, 
the  height  of  the  homogeneous  atmosphere  is  26,146  feet.  Hence,  denoting 
the  velocity  by  y,  we  have 


T=2v^l6J,  X  26146 
=  1,296  feet  per  second  nearly. 

25.  In  a  thunder  storm,  I  saw  the  flash  of  the  lightning  9  seconds  before 
hearing  the  thunder,  the  thermometer  at  the  time  standing  at  84":  at  what 
distance  was  the  cloud  ?   (830.) 

Note. — In  practice,  the  velocity  of  sound  is  taken  at  1,090  feet  per  se- 
cond, when  fVe  thermometer  in  at  SvJ*';  and  one  fool  is  added  for  each  ad- 
ditional dcgrH«  of  teinperalurc. 

'^.  A  6 ton4,  being  dropped  into  a  vertical  pit,  is  heard  to  strike  the  bottom 
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after  10  seconds  have  elapsed :  how  deep  is  the  pit,  if  the  thermometer 
•imnds  at  32??  and  how  deep,  if  it  stands  at  00®  f 

27.  A  board  3  feet  square  is  moved  through  a  mass  of  water  with  the 
velocity  of  50  feet  per  second :  what  resistance  does  it  encoanter  ?   (092.) 

28.  If  the  board  in  the  preceding  example  were  at  rest,  with  what  force 
would  it  be  struck  hj  a  stream  of  water  moving  90  feet  per  second  ?  (693.) 

29.  A  cord  of  a  certain  length  and  diameter  makes  50  vibrations  per 
second,  when  stretched  with  a  force  of  50  lbs. :  with  what  force  must  the 
same  cord  be  stretched  in  order  that  it  may  vibrate  75  times  per  second! 
(794.) 

30.  If  a  cord  whose  diameter  is  y^th  of  an  inch,  length  7  feet,  and  ten- 
sion 144  lbs.,  make  36  vibrations  per  second,  how  many  vibrations  per  se- 
cond will  be  made  by  a  cord  of  ihe  same  material  whose  diameter  is  -^ih 
of  an  inch,  length  9  feet,  and  tension  324  lbs.? 

31.  A  cube  whose  side  is  4  feet,  rests,  with  two  of  its  surfaces  horizontal, 
150  feet  below  the  surface  of  a  lake:  in  what  time  will  it  be  filled  through 
a  circular  aperture,  1  inch  in  diameter,  in  its  upper  surface  ? 

32.  A  cylindrical  vessel  whose  base  is  1  foot  in  diameter  and  whose  al-  * 
titude  is  16  feet,  empties  itself  in  4  hours  by  a  circular  aperture  in  the  bot- 
tom :  what  is  the  diameter  of  the  apermre  ! 

33.  A  lump  of  lime  weighing  8  lbs.  is  balanced  in  air  by  the  same  we.ght 
of  cast-iron  in  the  opposite  scale :  how  will  the  equilibrium  be  *ifected 
when  the  bodies  are  plunged  in  water  t  and  by  what  weight  of  lime,  pro* 
perly  disposed,  may  the  equilibrium  be  restored  ? 

34.  A  cubical  vessel,  whose  side  is  3  feet,  is  filled  half  with  mercury 
and  half  with  water :  what  is  the  ratio  of  the  pressure  on  the  vertical  sides 
to  the  pressure  on  the  base  1 

35.  A  lump  of  gold  and  a  lump  of  silver  are  found  to  balance  each  other 
when  weighed  in  water ;  what  is  the  ratio  of  their  weighu  f 

36.  The  tube  of  a  barometer  is  33  inches  long.  A  quarter  of  on  inch  of 
air  was  laft  in  it  at  the  time  of  inversion.  When  the  mercury  in  this  baro- 
meter stands  at  28  inches,  what  is  the  true  altitude  ? 

37.  The  orifices  in  the  equal  bases  of  two  upright  prismatic  vessels  are 
in  the  ratio  of  2  to  1,  and  the  vessels  are  emptied  in  equal  times ;  what  is 
the  ratio  of  their  altitudes  1 
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CHAPTER  I. 

KimiNOUS  AND  NON-LUMINOUS  BODIES. — TRANSPARENCY.— 
OPACITY. 

896.  Physical  nature  of  light,  —  Light  is  the  physical  agent  bj 
which  the  external  world  is  rendered  manifest  to  the  sense  of  sight. 

Opinion  has  long  been  divided  as  to  its  nature ;  one  party  has  re- 
gudcd  it  as  a  specific  fluid,  another  as  the  effect  of  undulation. 

The  former  consider  that  the  eye  is  affected  by  light  as  the  sense 
of  smell  is  affected  by  the  odoriferous  effluvia;  the  latter  maintain 
that  light  is  to  the  eye  what  sound  is  to  the  ear.  Before  these 
theories,  however,  can  be  understood,  or  their  claims  to  adoption  be 
appreciated,  it  will  be  necessary  that  the  chief  properties  of  light,  and 
the  phenomena  consequent  upon  them,  be  explained. 

897.  Bodies  luminous  and  non-luminous.  —  In  relation  to  the  pro- 
duction of  light,  bodies  are  considered  as  luminous  and  non-luminous. 

Luminous  Dodics,  or  luminaries,  are  those  which  are  original  sources 
of  liffhty  such,  for  example,  as  the  sun,  the  flame  of  a  lamp  or  candle, 
metu  rendered  red-hot,  the  electric  spark,  lightning,  and  so  forth. 

Luminaries  are  necessarily  always  visible  when  present,  provided 
the  light  they  emit  be  strong  enough  to  excite  the  eye. 

Non-luminous  bodies  are  those  which  themselves  produce  no  light, 
but  which  may  be  rendered  temporarily  luminous  when  placed  in  the 
presence  of  luminous  bodies.  These  cease,  however,  to  be  luminous, 
and  therefore  visible,  the  moment  the  luminary  from  which  they  bor- 
row their  light  is  removed.  Thus  the  sun,  placed  in  the  midst  of  the 
nbuaets,  satellites^  and  comets,  renders  these  bodies  luminous  and  visi- 
ble; but  when  any  of  them  is  removed  from  the  solar  influence  by 
the  interposition  of  any  object  not  pervious  to  light,  they  cease  to  be 
Tiiibley  as  is  manifest  in  the  case  of  lunar  eclipses,  when  the  globe  of 
the  earth  is  interposed  between  the  sun  and  moon,  and  the  latter  ob- 
jeei  it  therefore  deprived  of  light    A  candle  or  lamp  placed  in  the 
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room  renders  the  wAh,  furniture^  and  surrounding  objects  tempo- 
rarily luminous,  and  therefore  visible ;  but  if  the  candle  be  screened 
by  any  object  not  pervious  to  light,  those  parts  of  the  room  from 
which  light  is  intercepted  would  become  invisible,  did  they  not  receive 
some  li^iit  from  the  other  parts  of  the  room  still  illuminated.  If, 
however,  the  candle  or  lamp  be  completely  covered,  all  the  objects  in 
the  room  In'oonjc  invisible. 

Sns.  Tranaparrncy  and  opacity.  —  In  relation  to  the  propagation 
of  li;rht,  biMlii's  are  onsidered  as  tmnsparent  and  opaque.  13«>Jio3 
thr()iip;h  which  li^'lit  ]»asso.s  frcol}'  arc  called  transparent,  because  the 
eye  placcil  bohind  tluiii  will  Fee  such  light  through  them.  Bodies,  on 
the  contrary,  wliiili  do  not  admit  light  to  pass  through  them,  are  called 
opaque ;  and  such  bodies  consequently  render  a  luminary  invisible  if 
interposed  Ix'tweeu  it  :iu«l  the  eye. 

Transparency  au«l  opacity  exist  in  various  bodies  in  different  degrees. 
Glas.«»,  air,  and  water  arc  examples  of  very  transparent  bodies.  The 
metals,  stone,  earth,  wood,  &c.  are  examples  of  oj^que  bodies. 

(^orrectly  spt\ildiig,  no  boily  is  perfectly  transparent  or  jMirfocily 
opaque. 

>>W.  \o  hodji  pfrfi  ctly  transparent.  —  There  is  no  substance,  how- 
ever tnnispar.  nt,Mhicli  dnos  not  intercept  some  portion  of  light,  how- 
ever siiKill.  The  li«:ht  is  thus  intercepted  in  two  ways;  first,  when 
the  li^^ht  falls  uj^'in  the  surface  of  any  IkhI}'  or  medium,  a  p>rtion  of 
it  is  arrested,  arnl  either  absorbed  up<»n  the  surface,  or  reflected  back 
from  it;  the  reiiiaiiider  pisses  through  the  bixiy  or  medium,  but  in  so 
passing  more  or  less  of  it  is  absorbed,  and  this  increases  according  to 
the  extent  of  the  medium  through  which  the  light  passes.  Analogy, 
therefore,  justilies  thi;  conclusion  that  there  is  no  transparent  medium 
which,  if  suthcicnlly  ex  tensive,  would  not  absorb  all  the  light  which 
passes  into  it. 

A  very  thiu  plate  of  ^la*-s  is  almost  perfectly  transparent,  a  thicker 
is  loss  so,  and  aceonliu;:  as  the  thickness  is  increased  the  tnmspan^ncy 
will  1)0  diminished.  'J'he  distinctness  with  which  objects  are  seen 
throu^rh  the  air  dimiui>hes  as  their  distance  increases,  becau.'se  more 
(»r  less  of  the  litdit  trausmitt<*d  from  them  is  absorbed  in  its  progress 
through  the  atmosphere.  This  is  the  case  with  the  sun,  moon,  and 
other  celestial  objects,  which  when  seen  near  the  horiziui  are  more 
dim,  however  clear  tiie  atmosphere  may  be,  than  when  seen  in  the 
zeuilli.  In  the  former  ease,  the  light  transmitted  from  them  jxissos 
tlirou«rli  a  ^Tcater  nia.^s  of  atmosphere,  and  more  of  it  is  absorbed.  Ac- 
curdin;;  to  liouguer,  sea-water  at  alx>ut  the  depth  of  700  feet  would 
lose  all  its  transparency,  and  the  atmosphere  would  be  impervious  to 
the  suu's  light  if  it  had  a  depth  of  7U0  miles. 

1K)0.  Various  (Ugras  of  trani^parency .  — The  transparency  of  the 
same  .substance  varies  aceonling  to  the  density  of  its  structure,  the 
irausparency  generallv  inen?asing  with  the  density.     Thus,  charooal 
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iiopaqae;  but  if  the  same  charooal  be  converted  into  a  diamond,  which 
kmaj  be,  without  any  change  of  the  matter  of  which  it  is  composed, 
it  will  become  transparent. 

Bodies  are  sud  to  be  imperfectly  transparent,  or  semi-transparent, 
when  light  passes  through  them  so  imperfectly,  that  the  forms  and 
edouTB  of  the  objects  behind  them  cannot  be  distinguished.  Ground 
^an,  paper,  and  thin  tissues  in  general,  foggy  air,  the  clouds,  horn 
and  various  species  of  shell,  such  as  tortoise-shell,  are  examples  of 
tins. 

The  degrees  of  this  imperfect  transparency  are  infinitely  various ; 
some  substances,  such  as  horn,  being  so  nearly  transparent  as  to  ren- 
der the  form  of  a  luminous  object  behind  it  indistinctly  visible. 
Porous  bodies,  which  are  imperfectly  transparent,  usually  have  their 
truisparency  increased  by  filling  their  pores  with  some  transparent 
liquid.  Thus  paper,  which  is  imperfectly  transparent,  is  rendered 
noch  more  transparent  by  saturating  it  with  oil,  or  by  wetting  it  with 
my  liquid.  The  variety  of  opal  called  hydropbane  is  white  and  opaque 
when  dry,  but  when  saturated  with  water  it  becomes  transparent. 
Oroond  glass  is  rendered  more  transparent  by  pouring  oil  upon  it 
Two  plates  of  ground  elass  placed  one  upon  the  other  are  very  im- 
po&ctly  transparent;  but  if  the  space  between  them  be  filled  with 
oO,  and  their  external  sur&ces  be  rubbed  with  the  same  liquid,  they 
will  be  rendered  nearly  transparent. 

901.  Opaque  bodies  become  iransparetU  when  sufficiently  atUn- 
mated,  —  &)aies,  however  opaque,  lose  their  perfect  opacity  when  re- 
dneed  to  the  form  of  extremely  attenuated  laminse.  Gbld,  one  of 
the  most  dense  of  metals,  is,  in  a  state  of  ordinary  thickness,  per- 
tsMj  opaque ;  but  if  it  be  reduced  to  the  form  of  leaf-gold  by  the 
prooeas  of  the  ffold-beater,  and  attached  to  a  plate  of  glass,  light  will 
paas  partially  l£rough  it,  and  to  an  eye  placed  behind  it  it  will  appear 
of  A  greeni^  colour.  Other  metalsy  when  equally  attenuated,  snow 
Aa  nme  imperfect  opadty. 

CHAP.  n. 

mDamJinEAB  PROPAGATION  OF  LIGHT. — RADIATION.  —  SHADOWS 
AND  PENUMBRA  —  PHOTOMETRY. 

902.  Ught  transmitted  in  straight  lines.  —  One  of  tho  first  pro- 
perties recognised  in  light  by  universal  observation  and  experience  is, 
that  when  transmitted  through  a  uniform  medium,  it  maintains  a  re<y 
tiliiiear  course. 

A  luminous  point  is  a  centre  from  which  light  issues  in  every  direo- 
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tion  through  the  surroanding  space  in  straight  lines.  This  effect  of 
rectilinear  propagation  in  all  directions  from  a  common  centre  is  called 
radiation. 

Any  straight  line  along  which  light  is  transmitted  is  called  a  ray 
of  light. 

Any  point  from  which  rays  of  light  radiate  through  the  summnd- 
inff  space,  is  called  a  luminous  point. 

The  rectilinear  propagation  of  light  is  established  by  numerous  ex- 
amplcfl,  and  by  a  vast  variety  of  effects,  of  which  it  affords  the  ex- 
planation. If  any  opaque  object  be  interposed  in  a  right  line  bctwecD 
the  eye  and  a  luminous  point,  the  luminous  point  will  cease  to  be  visi- 
ble; but  if  the  opaque  object  be  removed  in  the  slightest  degree  fn-m 
the  direct  line  between  the  eye  and  the  luminous  point,  the  latter  vill 
become  immediately  visible. 

This  law,  in  its  strictest  sense,  may  be  verified  by  the  following  ex- 
periment. Let  three  disks  be  pierced,  each  with  a  small  hole,  and 
let  them  be  attached  to  a  straight  rod,  in  such  a  manner  that  the 
three  holes  shall  be  precisely  in  the  same  stmight  line,  and  con- 
sequentl}',  at  the  same  distance  from  the  rod.  If  a  light  be  placed 
behind  one  of  the  extreme  disks,  and  the  eye  behind  the  others,  the 
light  will  be  visible.  The  ra}*,  therefore,  which  renders  it  visible, 
must  pass  successively  through  the  holes  in  the  two  extreme  disks, 
and  in  the  intermediate  disk  j  but  if  the  intermediate  disk  be  slightly 
moved  on  either  side,  or  upwarils  or  downwards,  or,  in  a  word,  have 
its  position  deranged  in  any  manner,  so  that  a  thread  stretched  be- 
tween the  holes  in  liie  extreme  disks  would  not  pass  through  the  hole 
in  the  intermediate  disk,  then  the  light  will  be  no  longer  visible. 

003.  Pencil  of  rays.  — Any  collection  of  rays  having  a  luminous 
point  as  their  comni(m  origin,  and  included  within  the  surface  of  a 
cone,  or  any  other  regular  limit,  is  called  a  pencil  of  rays.  The 
point  from  which  such  rays  diverge,  and  which  is  the  apex  of  the 
cone,  is  called  the  focus  of  the  pencil. 

When  the  surface  of  any  object  receives  light  from  a  biniinnus 
point,  it  is  customary  to  c«»nsidcr  each  portion  of  such  surface  as  tbo 
base  of  a  |iencil  of  rays,  the  fncus  of  which  is  tlie  luminmis  pnint,  ri«> 
that  th(?  iiluuiinated  surlace  of  any  body  is  considered  a.s  conij>oscd  cf 
tlit>  bases  (jf  a  number  of  pencils  of  rays  having  the  luminous  point  ii> 
their  cununon  focus. 

Wlien  niys  radiate  from  a  luminous  point  in  this  manner,  they  are 
called  divergent. 

J5ut  cases  will  be  shown  hereafter,  in  which  such  ra^'s  may  be  s^i 
changed  in  their  direction,  that,  instead  of  divcrginc  from  the  sauic 
l)oint,  they  will  converge  to  a  common  point.  In  this  case  the  rtjs 
are  called  converging  rays,  the  pencils  conrrrging  ]M'ncil>,  and  tiip 
point  towards  which  the  rays  ct»nvcrge,  and  at  whicti  ihcy  wuuid 
meet^  if  not  intercepted;  is  called  the  focus  of  the  pencil, 

482 


RECTILINEAR  PROPAGATION  OF  LIGHT. 


18 


1H)4.  Shadow  of  a  body,  — When  light  ndiating  from  a  laminoofl 
pcmit  through  the  Burrounding  space  enoonntets  an  opaque  hody,  it 
will  he  excluded  from  the  space  hehind  such  body.  The  space  from 
wlueh  it  18  thus  excluded  is  called  the  tikadow  of  the  opaque  body. 

This  term  shadow  is  sometimes  applied,  not  to  the  space  from 
vbieh  the  light  is  thus  excluded,  but  to  a  section  of  such  space  formed 
upon  the  sur&oe  of  some  body  placed  behind  the  opaque  body  which 
mteroepts  the  Kght  Thus,  the  floor  or  wall  of  a  room  intersecting 
tlw  space  from  which  light  is  excluded  by  an  opaque  body  placed 
between  such  wall  or  floor  and  a  luminary,  will  exhibit  a  dark  figure, 
membling  more  or  less  in  outline  the  body  which  intercepts  the 
light. 

If  a  straight  line  be  imagined  to  be  drawn  from  the  luminous  point 
to  the  boandary  of  the  opaque  body,  and  to  be  continued  beyond  it 
isdefinitely,  such  line  being  imagined  to  be  moved  round  the  opaque 
body  following  its  limits  and  its  form,  that  part  of  tiie  line  which  is 
kyood  the  My  will  pass  through  a  surfiu»  which  will  form  the 
finits  of  the  shadow  of  such  body,  or  of  the  space  from  which  it  ex- 
dudes  the  light  If  such  line,  however,  encounter  a  wall,  screen,  or 
other  soifiee,  it  will  trace  upon  such  sur&ce  the  limits  of  the  shadow, 
ii  the  common  acceptation  of  that  term. 

If  the  opaque  object  be  a  sphere,  or  any  other  figure  whose  section 
tsbm  at  right  angles  to  the  direction  of  the  luminous  pencil  is  a 
>,  the  shadow  wiU  be  a  truncated  cone,  as  represented  in^.  267. 


Fig.  267.  Fig.  i 


Fig.  269. 


If  the  section  be  of  a  rectilinear  figure,  such,  for  example,  as  a  square, 
the  shadow  will  be  what  in  geometry  is  called  a  truncated  pyramid, 
as  represented  in^^.  268. 

There  is,  however,  no  luminary  which,  strictly  speaking,  is  a  lumi- 
nous point  All  luminous  objects  have  a  certain  definite  surface  of 
more  or  less  extent,  and  consist  therefore  of  an  infinite  number  of 
luminous  points.  Now  each  luminous  point  of  such  a  body  is  the 
fiscoB  of  an  independent  pencil  of  luminous  rays,  and  each  such  pencu 
flooountering  an  opaque  object  will  produce  an  independent  shadow 
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905.  Cause  of  penwnlprit. — This  ^vcs  riae  to  phenomcua  which  it 
is  necessary  here  more  fully  to  explain. 

Let  c  T^ijig'  2G9,  represent  the  section  of  an  opaque  object,  and 
let  B  A  represent  the  section  of  a  luminary,  b  a  will  then  consist  of 
a  line  of  luminous  points,  from  each  of  which  a  pencil  of  rajs  will 
issue.  The  pencil  which  issues  from  the  point  b,  will  encounter  the 
object  c  D,  and  the  extreme  rays  of  the  pencil  grazing  the  edge  of 
the  object,  will  proceed  in  the  direction  c  b'  and  D  b",  being  the  con- 
tinuation of  the  lines  B  c  and  B  D.  Now  it  is  evident  that  the  light 
proceeding  from  the  point  b  will  be  excluded  from  the  space  iucludcd 
Detweeh  the  lines  c  b'  and  D  b". 

In  like  manner  it  may  Ixi  shown  that  the  light  issuing  from  the 
point  A  will  be  excluded  from  the  space  included  between  the  lines 
G  a'  and  D  a".  It  will  also  be  easily  perceived  that  the  light  pro- 
ceeding from  all  the  luminous  points  from  a  to  b  will  be  excluded 
from  the  space  included  between  the  lines  cb'  and  da";  while  mora 
or  less  of  such  light,  according  to  the  position  of  the  luminons 
points,  will  enter  the  space  included  between  the  lines  c  a'  and  c  b', 
and  the  lines  D  a"  and  D  n"  respectively.  The  space,  thcrcfiro,  in- 
cludeil  between  the  lines  c  b'  and  D  A",  from  which  the  entire  light 
of  the  luminary  A  B  is  excluded,  is  called  the  umbra  or  absolute 
shadow ;  while  the  spaces  included  between  c  a'  and  c  b'  and  be- 
tween 1)  a"  and  D  n",  from  which  the  light  of  the  luminary  A  B 
is  only  partially  excluded,  is  called  the  penumbra,  or  imperfect 
shadow. 

If  a  screen  be  fixed  behind  the  body  c  D,  the  shadow  and  penum- 
bra will  be  cast  upon  it,  and  will  be  perceptible.  At  b'  and  A",  the 
boundaries  botwrcn  the  shadow  and  the  penumbra,  the  lim;t  of 
shadow  will  be  soanvly  discernible,  and  the  shadow  will  become 
gradually  less  dark,  pnvceding  from  such  points  to  the  points  A'  and 
B",  which  are  the  limits  of  the  penumbra.  The  points  a'  and  n ' 
respectively  receive  light  from  all  the  pouits  between  A  and  B,  but  a 
point  below  a'  receives  no  light  from  the  point  A,  or  from  the  points 
immediately  above  it. 

In  like  manner  the  points  immediately  above  b"  receive  no  light 
from  the  point  B,  or  the  points  immediately  below  it;  and  as  we  pro- 
ceed onwards  along  the  penumbra,  the  nearer  we  approach  to  the 
limits  b'  and  a",  the  less  will  be  the  number  of  luminous  points  of 
the  luminary  A  B  from  which  light  will  be  received.  Hence  it  is, 
that  the  obscurity  of  the  penumbra  augments  by  degrees  in  proceed- 
ing from  its  outward  limits  to  tlie  limits  of  the  umbra,  where  the 
obscurity  becomes  comj»lete. 

DOG.  Forms  and  dimensions  of  shadow.  —  "When  an  object  is 
placed  with  its  principal  plane  parallel  to  the  plane  of  a  screen,  both 
Ixjing  at  right  angles  to  the  pencil  of  rays  which  proceeds  from  the 
luminary,  tho  outline  of  the  shadow  will  resemble  the  outline  of  the 
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olject ;  bat  if  the  pencil  fidl  obliquely  on  the  object,  or  if  the  screen 
be  not  parallel  to  it,  then  the  form  and  dimensions  of  the  shadow 
irill  be  distorted,  the  relative  proportions  and  directions  being  different 
from  those  of  the  object. 

When  the  son  is  near  the  horizon,  the  shadow  of  an  object  stand- 
ing Terticallj,  which  is  cast  npon  a  vertical  wall,  will  present  the 
farm  of  the  object  with  but  little  distortion,  bnt  the  shadow  which  is 
cut  npon  the  level  ground  will  be  disproportionally  elongated  in  re- 
lation to  its  breadth. 

907.  Ug/U  diminished  in  brightness  by  distance, —  The  intensity 
0f  light  wMch  issues  from  a  luminous  point  diminishes  in  the  same 
pmortion  as  the  square  of  the  distance  from  such  point  increases. 

This  is  a  common  property  of  radiation,  and  has  been  already  ex- 
plained in  the  case  of  the  radiation  of  sound.  The  intensity  of  the 
oAt  at  any  point  is  in  the  direct  proportion  of  the  number  of  rays 
wnioh  £dl  upon  a  sar£Eu»  of  riven  magnitude,  or  in  the  inverse  pro- 
portion of  the  sar£Eu»  over  which  a  given  number  of  rays  are  dif- 

Now  let  ns  suppose  a  luminous  point  radiating  in  all  directions 
itmnd  it  to  be  the  centre  of  a  sphere.  Let  two  spheres  be  imagined, 
having  the  luminous  point  as  a  common  centre,  and  the  radius  of  one 
bong  double  the  radius  of  the  other.  The  surface  of  the  greater 
sphere  will  be  therefore  twice  as  &r  from  the  luminous  point  as  the 
■nr&oe  of  the  lesser  sphere ;  and  since  the  surfaces  of  spheres  are  in 
the  ratio  of  the  squares  of  their  radii,  the  surface  of  the  greater 
q>here  will  be  four  times  that  of  the  lesser.  Now  since  all  the  light 
iasoing  from  the  luminous  point  is  diffused  over  the  sur&ce  of  such 
sphere,  it  is  clear  that  its  density  on  the  surface  of  the  lesser  sphere 
will  be  greater  than  its  density  on  the  Bur&ce  of  the  greater  sphere, 
ID  the  exact  proportion  of  the  magnitude  of  the  surface  of  the  ffreater 
iphere  to  the  magnitude  of  the  surfiice  of  the  lesser  sphere:  uiat  is, 
in  the  present  example,  as  4  to  1.  In  general  it  is  evident^  therefore, 
thai  the  superficial  space  over  which  the  rays  issuing  from  a  luminous 
point  are  diffused,  is  in  the  inverse  proportion  of  the  squares  of  the 
distaiices  from  Uie  luminous  point 

If,  therefore,  any  opaque  surface  be  presented  at  right  angles  to 
the  rays  proceeding  from  a  luminous  point,  the  intensity  of  the 
illamination  which  it  receives  will  be  increased  in  the  same  propor- 
tion as  the  square  of  its  distance  from  its  luminous  point  is  dimin- 
ished. 

Since,  then,  the  intensity  of  the  light  proceeding  from  each  lumi- 
nous point  is  inversely  as  the  sauare  of  the  distance  from  such  point, 
it  follows  that  the  intensity  of  the  light  proceeding  from  any  luminary 
will  depend  conjointly  on,  first,  the  number  of  luminous  points  upon 
the  luminary,  or,  what  is  the  same,  the  magnitude  of  the  luminous 
wax&ce:  secondly,  on  the  intensity  of  the  light  of  each  luminous  poini 
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composing  such  surface;   and  thirdly,  upon  the  distance  from  tho 
luniinarj  at  which  the  illuminated  object  is  placed. 

1)08.  Ah$olutc  brilliancy  depends  conjointly  on  absolute  intensity 
and  distance.  —  The  absolute  brilliaucj  of  each  luminous  point  com- 
p<iHU^  any  luminous  object  is  called  the  absolute  intensity  of  its  light 
Let  this  bo  ox])rossed  by  I.  Let  the  number  of  luminous  points  com- 
posing it,  or  tho  uiagiiitude  of  its  luminous  surface,  be  expressed  by 
s,  and  let  tho  distance  of  the  illuminated  object  from  tho  luminary  be 
cxprcs;)cd  by  D.  The  brilliancy  of  the  illumination  will  then  be  ex- 
pressed by 


B=- 


I  X  s 


In  other  words,  the  brilliancy  of  the  illumination  is  proportional  to 
the  absolute  iutensity  of  the  luminary  multiplied  by  the  magnitude  of 
its  illuminating  surface,  and  divided  by  the  square  of  the  distance  of 
the  illuuiinated  object  from  it. 

900.  Eftct  of  obliquity  of  the  liglU.  —  It  is  here  supposed,  how- 
ever, that  tho  illuminated  t>urfacc  is  placed  at  right  angles  to  the  njs 
of  light,  ns  would  bo  tho  case  with  the  surface  of  a  sphere  surround- 
ing a  luminous  centre ;  but  as  it  seldom  happens  that  the  illuminated 
surface  has  exactly  this  position,  it  is  necessary  to  inquire  in  what 
manner  tho  brightness  of  the  illumination  will  be  aflfccted  b}*  its  ob- 
liquity to  the  rays  of  lifiht  falling  upon  it. 

Jiot  R,^/f/,'.  270.,  be  a  pencil  of  rays  which  we 
shall  here  sup]>ose  to  be  parallel ;  and  let  A  B  be 
a  >'Urfaeo  on  which  these  rays  fall.  Let  this  sur- 
face bo  supposed  to  be  capable  of  being  turned 
upon  tho  f»nint  A  aa  a  centre  or  hinge,  so  as  to 
assume  diiforcnt  obliquities  in  relation  to  the 
nys.  If  it  were  in  the  position  A  B,  at  right 
an«;los  to  the  direction  of  the  rays,  it  would  ro- 
cfivo  upon  it  all  the  rays  included  between  the 
lines  A  X  and  B  Y.  If  it  be  in  the  position  a  b', 
it  will  receive  upon  it  only  the  rays  included  he- 
tween  the  linos  A  x  and  b'  y'.  If  it  be  in  the 
position  A  b",  it  will  receive  upon  it  only  the  rays 
included  between  the  lines  A  X  and  b"  y".  Again, 
if  it  be  in  the  position  A  b",  it  will  receive  upon 
it  only  the  rays  which  are  included  between  the 
lines  A  X  and  b'"  y". 
Thus  it  is  quite  apparent  that  as  the  oblifjuity  of  the  surface  up<m 
which  the  rays  fall  to  tho  direction  of  the  rays  is  increased,  the  num- 
ber of  rays  incident  upon  such  surface  willbe  diminished,  and  that 
this  diminution  will  be  in  the  proportion  of  the  distances  B'  z',  b"  z", 


Fig.  270. 
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Tiieie  InieB  are  called  in  geometry  the  sines  of  tlie  angles  formed 
bj  the  Boiftoes  b'  a,  b"  a,  &e.y  with  the  direction  of  the  rajs. 

It  fbllowSy  thereforei  that  the  intensity  of  the  illumination  pro- 
dueed  npon  a  given  sorfaoe  by  a  given  pencil  of  rays  will  diminish  in 
tlie  Hune  proportion  as  the  sine  of  the  angle  of  obliquity  of  such  sur- 
&ee  to  the  direction  of  the  rays  is  diminished. 

It  follows,  therefore,  evidently  from  this  that  the  illumination  is 
matest  when  the  sarfiioe  is  at  right  angles  to  the  rays,  and  gradually 
(Uainishefl  until  the  surface  is  in  the  direction  of  the  rays,  when  it 
eeises  altogether  to  be  illuminated. 

910.  Methods  of  comparing  the  illuminating  power  of  lights.  — 
If  two  luminaries,  having  equal  luminous  surfaces  at  equal  distances 
from  the  same  white  opaque  surface,  placed  at  the  same  angle  with 
tlie  rajB,  shed  lights  of  equal  brightness  on  such  surface,  it  follows 
that  their  absolute  intensities  must  be  equal. 

In  thai  case,  the  distances  and  the  luminous  surfaces  being  rcspoct- 
iTsIy  equal,  there  is  no  other  condition  which  can  affect  the  illumi- 
utioni  except  the  intensity  of  the  light  proceeding  from  each  lumi- 
nous  point;  and  since,  therefore,  the  illuminations  are  equal,  these 
Sntennties  must  be  equal. 

If^  on  tiie  contrary,  two  such  luminaries  so  placed  produce  different 
degrees  of  illumination  on  the  same  surface,  their  absolute  intensities 
Boat  be  different,  and  must  be  in  the  proportion  of  the  illuminations 
they  produce.  If  in  this  case  that  luminary  which  produces  the  more 
feeble  illumination  be  moved  towards  the  illuminated  object,  until  its 
proximity  is  increased,  so  that  it  produces  an  illumination  equal  to 
that  of  the  other  luminary,  then  the  absolute  intensity  of  the  two 
luminaries  will  be  as  the  squares  of  their  distances.  This  may  be 
demonstrated  as  follows : — 

Let  B  express  the  brilliancy  of  the  illumination  produced  by  the 
two  InminarieB.  Let  s  express  the  common  magnitude  of  their  lumi- 
nous surfiboes.  Let  l  and  i'  express  their  intensities,  and  let  d  and  d' 
express  those  distances  which  render  their  illuminations  equal;  we 
shall  then  have  for  the  one 


B  = 

IXS 

and  for  the  other, 

B  = 

I'X  8 

D'^    ' 

consequently,  we  shall  have 

I 

I' 

and  consequently, 

I  :  I'  : 

:  D«  :  D'« 
b2 

«T 


IS 


LIGHT. 


911.  Photometry. — ^The  art  of  measuring  the  intensity  of  light  by 
observation  is  called  photometry ,  and  the  instnxments  or  expedient! 
Bcrving  this  purpose  are  called  photometers. 

Tlie  most  simple  fi)rm  of  photometer  is  that  which  miy  be  called 
the  method  of  shadows,  and  which  is  founded  upon  the  principle 
which  has  just  been  demonstrated, — that  with  equal  illumination  the 
intensity  uf  the  light  is  directly  as  the  square  of  the  distance  of  the 
luminary. 

912.  Photometer  by  shadows. — This  photometric  apparatus,  the  in- 
vention of  which  is  due  to  Count  Rumford,  consists  of  a  white  screen 
fixed  in  a  vertical  position,  having  a  small  opaque  rod  placed  at  a  short 
distance  from  it,  also  in  a  vortical  position.  The  screen,  rod,  and  the 
two  lights  whose  powers  are  to  be  compared,  are  so  placed  relatively 
to  each  other,  that  the  two  shadows  of  the  rod  formed  by  the  two 
luminaries  on  the  screen  shall  just  touch  without  overlaying  each 
other.  Under  these  circumstances,  it  is  evident  that  the  space  on  the 
screen  occupied  by  the  shadow  proceeding  from  each  luminary  will  be 
illuminated  by  the  other  luminary.  Thus,  two  spaces  on  the  screen 
arc  exhibited  in  juxtapasition,  each  of  which  is  illuminated  by  one 
of  the  luminaries  iudejuindent  of  the  other.  It  will  at  first  be  found 
that  these  two  spaees  will  be  unequally  bright  The  position  of  the 
luminaries,  or  of  the  screen  or  rod,  must  then,  one  or  all,  be  changfd 
until  the  two  shadows,  being  still  kept  in  juxtaposition,  appear  to  le 
equally  bright,  so  as  to  present  a  uniform  shadow.  I^et  the  distance 
of  the  two  luminaries  from  the  shadows  bo  then  measured,  and  it  will 
follow,  aeconliiig  to  the  principle  that  has  been  already  established, 
thut  the  intensities  of  the  two  luminaries  will  be  as  the  squares  of 
those  distances. 

If  in  this  ease  the  two  luminaries  have  equal  luminous  surfaces, 
their  absolute  intensities  will  be  in  the  ratio  of  the  squares  of  their 

distances ;  but  if  either  lumi- 
nous surface  be  unequal,  the 
squares  of  the  distances  will 
represent  the  proportion,  not 
of  their  absolute  intensities, 
but  of  the  products  of  their 
absolute  intensity  multiplied 
by  their  luminous  surface. 

913.  Ritchie'^s  photometer. 
— Another  photometer,  on  a 
simple    and    beautiful   prin- 
^^  ciple,  proposed   by  the   late 

^^' ""  Professor  Ritchie,  and  repre- 

sented i\iftg.  271  ,  consists  of  a  rectangular  box  about  an  inch  and  a 
half  or  two  inches  wide,  and  eight  inches  long,  open  at  both  ends, 
««(i  WiicJi'eiied  in  the  middle,     in  the  centre  of  its  length  are  two 
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■arfaoes  placed  at  right  angles  with  each  other,  and  at  an  angle  of 
45^  with  the  hottom  of  the  box.  Upon  these  surfaces,  white  papei 
is  pasted.  A  round  hole  is  made  in  the  top  of  the  box  immediately 
over  the  line  formed  bj  the  edges  of  the  paper,  so  that  an  eye  look- 
ing in  at  this  hole  may  see  equally  the  two  surfaces  of  paper.  To 
compare  two  lights,  the  instrument  is  placed  in  such  a  manner  before 
them  that  each  may  illuminate  one  of  the  pieces  of  paper.  The  dis- 
tance of  the  lights  from  the  surfaces  of  the  paper  arc  then  to  be  so 
adjusted  by  successive  trials  that  the  two  surfaces  of  paper  shall  ap- 
pear to  the  eye  of  uniform  brightness.  In  that  case,  the  illumination 
of  the  surfaces  being  the  same,  the  illuminating  powers  of  the  lumi- 
naries will  be  in  the  same  proportion  as  the  squares  of  their  distinces 
from  the  paper,  the  principle  of  this  being  the  same  as  that  of  the 
photometer  of  Count  Rumford. 

In  this  and  all  similar  experiments,  the  colour  of  the  light  exercises 
a  material  influence  on  the  results;  and  the  comparative  brilliancy 
cannot  be  ascertained  with  any  precision,  unless  the  two  luminaries 
give  light  of  nearly  the  same  colour. 

914.  Method  of  comparing  the  absolute  intensify  of  light. — When 
it  18  desired  to  ascertain  the  absolute  intensities  of  the  lights,  it  is, 
as  has  been  stated,  necessary  to  expose  equal  illuminating  surfaces  to 
the  photometric  apparatus;  but  as  it  is  not  always  easy  to  produce 
luminaries  having  surfaces  exactly  equal,  this  object  may  be  attained 
by  the  following  expedient : — Let  two  opaque  screens,  having  holes  in 
them  of  exactly  equal  magnitude,  be  placed  near  and  exactly  opposite 
to  the  middle  of  each  luminous  surface.  The  rays  of  light  which 
pass  through  the  two  apertures  will  in  such  cose  proceed  from  equal 
portions  of  the  surfaces  of  the  two  luminaries,  and  the  result  of  the 
experiment  will  therefore  show  the  absolute  intensities. 

915.  Initnsity  of  solar  light.  —  The  sun  produces  the  most  in- 
tense illumination  with  which  we  are  acquainted.  This  arises  partly 
from  the  absolute  intensity  of  that  luminary,  and  partly  from  the  vast 
extent  of  his  luminous  surface.  The  diameter  of  the  sun  is  very 
near  a  million  of  miles,  and  consequently,  being  a  sphere,  the  super- 
ficial extent  of  his  surface  b  about  three  millions  of  s^juare  miles ; 
but  as  one-half  the  surface  only  is  presented  to  us  at  any  one  time, 
the  magnitude  of  it  will  be  a  million  and  a  half  of  square  miles. 

916.  Electric  light.  —  The  most  brilliant  artificial  light  yet  pr.v 
duced  b  inferior  to  the  splendour  of  solar  light  in  an  incredible  pr.)- 
portion.  The  brightest  artificial  lights  are  those  produced  by  the  con- 
tact of  charcoal  points,  through  which  a  galvanic  current  passes,  and 
by  lime  submitted  to  the  heating  power  of  the  oxyhydrogen  blow-pipe. 
These  lights,  however,  when  projected  on  the  disk  of  the  sun,  appear 
nevertheless  as  a  blank  spot. 
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CHAP.  III. 

BEFLECnON   OF  LIQHT. 

917.  Reflection  varies  according  to  the  quality  of  the  surface,'^ 
When  rays  of  liglit  encounter  the  surface  of  an  opaque  body,  they 
arc  arrested  in  their  progress,  such  surfaces  not  being  penetrable  by 
them.  A  certain  part  of  them,  more  or  less  according  to  the  quality 
of  the  surface  and  the  nature  of  the  body,  is  absorbed,  and  the  re- 
maining part  is  driven  back  into  the  medium  from  which  the  rays 
proceed.  This  recoil  of  the  rays  from  the  surface  on  which  they  strike 
IS  called  reflection,  and  the  light  thus  returning  into  the  same  mediom 
from  which  it  had  arrived,  is  said  to  be  reflected. 

The  manner  in  which  the  light  is  reflected  from  such  a  8Uifiu» 
▼arics  according  as  the  surface  is  polished  or  unpolished^  and  accord- 
ing to  the  degree  to  which  it  is  polished. 

We  shall  consider  three  cases  :  1st,  that  of  a  surfece  absolutely  un- 
polished ;  2dly,  that  of  a  surface  perfectly  polished ;  and  3dly,  that 
of  a  surface  imperfectly  polished. 


CHAP.  IV. 

REFLECTION   FROM   UXPOLISHED    SURFACES. 

If  liglit  fall  upon  a  uniformly  rough  surface  of  an  opaque  body, 
each  point  of  such  surface  becomes  the  focus  of  a  pencil  of  reflected 
light,  the  rays  of  such  pencil  diverging  equally  in  all  directions  from 
such  focus. 

The  pencils  which  thus  radiate  from  the  various  points  are  those 
which  render  the  surface  visible.  If  the  light  were  not  thus  reflected 
indifferently  in  all  directions  from  each  point  of  the  surface,  the  sur- 
Cacc  would  not  be  visible,  as  it  is,  from  whatever  point  it  may  bo 
viewed. 

The  light  which  is  thus  reflected  from  the  various  points  upon  the 
surface  of  any  opaque  body,  has  the  colour  which  is  commonly  iin- 
putod  to  the  body.  The  conditions,  however,  which  determine  the 
colour  of  boilies  will  be  fully  explained  hereafter;  for  the  present,  it 
will  be  sufficient  to  establish  the  fact,  that  each  point  of  the  surface 
of  an  opaijue  body  which  is  illuminated  is  an  independent  focus  from 
which  liglit  radiates,  having  the  colour  proper  to  such  point,  by  which 
li^ht  each  such  point  is  rcnuered  visible. 
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918  Irregular  refieclian, — This  mode  of  reflection,  by  which  tho 
fms  and  qualities  of  all  external  objects  are  rendered  manifest  to 
ttfit)  has  been  generally  denominated,  though  not  as  it  should  seem 
vrth  strict  propne^,  the  irregnhur  reflection  of  licht. 

There  isi  neyertheleaSy  nothing  irregular  in  the  character  of  the 
ihoomeDa.  The  direction  of  the  reflected  rajs  is  independent  of  each 
of  the  incident  rays ;  but,  nevertheless,  such  direction  obeys  the  com- 
■on  law  of  radiation. 

The  existence  of  these  radiant  pencils  proceeding  from  the  surface 
of  any  illuminated  object,  and  their  independent  propagation  through 
Ike  Borroanding  space,  may  be  rendered  still  more  manifest  by  the  foi- 
loving  experiment 

Let  A  B,Jig,  272.,  be  an  illuminated  object,  placed  before  the  win- 
dmr-shutter  of  a  darkened  room.  Let  c  be  a  small  hole  made  in  the 
windowHshutter,  opposite  the  centre  of  the 
object  If  a  screen  be  held  parallel  to  tho 
windowHshutter,  and  tho  object  at  some  dis- 
tance from  the  hole,  an  inverted  picture  of 
the  object  will  be  seen  upon  it,  in  which  the 
form  and  colour  of  the  object  will  be  pre- 
served; the  magnitude,  however,  of  such 
picture  will  vary  according  to  the  distance 
Fig.  270.  ^f  ^.|jg  gcreen  from  the  aperture.     The  less 

nch  distance,  the  less  will  be  the  magnitude  of  the  picture. 

This  effect  is  easily  explained.  According  to  what  has  been  al- 
ready stated,  each  point  of  the  surface  of  the  illuminated  object  A  B 
IB  a  focns  of  a  pencil  of  rays  of  light  having  the  colour  peculiar  to 
such  point  Thus,  each  portion  of  the  pencil  of  rays  which  radiates 
from  the  point  b,  and  has  for  its  base  the  area  of  the  aperture  c,  will 
pasB  through  the  aperture,  and  will  continue  its  rectilinear  course  until 
It  arrives  at  the  point  h  upon  the  screen,  where  it  will  produce  an  iliu- 
minated  pf^nt  corresponding  in  colour  to  the  point  b. 

In  tbe  same  manner,  the  pencil  diverging  from  a,  and  passing 
through  the  aperture  c,  will  produce  an  illuminated  point  on  the  screen 
at  Oj  onrresponding  to  the  point  A. 

liUch  intermediate  point  of  the  object  will  produce  a  corresponding 
iUaminated  point  on  the  screen.  It  is  evident,  therefore,  that  a  series 
of  iUanainated  points  corresponding  in  arrangement  and  colour  to  those 
if  the  object  will  be  formed  upon  the  screen  between  a  and  6 ;  their 
position,  however,  being  inverted,  the  points  which  are  highest  in  the 
objoct  being  lowest  in  Sie  picture. 

919.  Picture  farmed  on  wall  by  light  admitted  through  small  aper- 
ture.— These  effects  may  be  witnessed  in  an  interesting  manner  in 
any  room  which  is  exposed  to  a  public  thoroughfare  frequented  by 
moving  objects.  Let  the  window-shutters  be  closed  and  the  intei- 
stopped  80  as  to  exdade  all  light  except  that  which  enters 
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throngb  a  small  hole  made  for  the  purpose,  and  if  no  hole  be  foand 
in  the  FDuttors  sufiBcicntly  sniall«  a  piece  of  paper  or  card  may  be 
pasted  over  any  convenient  aperture,  and  a  hole  of  the  required  mag- 
nitude pierced  in  it.  Coloured  inverted  images  of  all  the  objects 
pas.-ing  b<'f<.>rc  tho  ^'indow  will  thus  be  depicted  on  a  screen  conre- 
nic'iitly  p]ar(>d.  Tlioy  will  be  exhibited  on  the  opposite  wall  of  the 
room ;  but  unlt^sB  the  wall  be  white,  the  colours  will  not  be  distinctly 
pornptible.  The  smaller  the  hole  admitting  the  light  i?,  the  more 
distinct  but  (be  loss  bright  the  pictures  will  be.  As  the  hole  is  en- 
larged the  briglitnoss  inercases,  out  the  distinctness  diminishes.  The 
want  (if  distinetnes:s  n rises  from  the  spots  of  light  on  the  screen,  pro- 
duced by  each  ]»oint  of  the  object  overlaying  each  other,  so  as  to  pro- 
duce a  confused  eftect. 

\)'20.  Different  refecting  powers  of  furfaees.  —  Surfaces  differ 
from  eacli  nther  in  the  proportion  of  light  which  they  reflect  and 
absorb.  In  genend,  tlio  lighter  the  colour,  other  things  being  the 
i*anie,  the  nmre  11^1  it  will  be  n^flcctcd  and  the  less  absorbed,  and  the 
darker  the  c«»Iour  the  less  will  be  reflected  and  the  more  absorbed; 
but  «'ven  the  nii'>t  intense  Mack  reflects  some  light.  A  surface  of 
black  velvet,  nr  (m(}  blackened  with  lamp-black,  arc  among  the  dark- 
est brown.  Vi^t  e:ich  nf  those  reflects  a  certain  quantity  of  rays.  That 
they  do  so  we  jM-n-eive  by  the  fact  that  they  arc  visible.  The  eye  re- 
coi^nizes  puch  surfaces  lis  difTering  from  a  dark  aperture  not  occupied 
l.»y  any  niaterial  surface,  and  it  can  only  thus  recognize  the  appearance 
of  tlie  material  surface  by  the  light  which  it  reflects.  The  following 
cxpiiinieiit,  however,  will  render  this  more  evident. 

iiiil.  The  dirprst  black  rrflccls  some  light. — lilacken  the  inside 
of  a  tube,  and  fitsten  upon  the  extremity  remote  from 
the  eye  a  [)lato  of  glass.  To  the  centre  of  this  plate 
of  glas*;  attach  a  circular  opaque  disk,  somewhat  less 
in  diameter  than  the  tube,  so  that  in  looking  through 
the  tube  a  transparent  ring  will  be  visible,  as  repre- 
sented in  fig.  273.  In  the  centre  of  this  transparent 
ring  will  appear  an  intensely  dark  circular  space,  being 
rijT.'JTH.       that  occupied  by  the  disk  attached  to  the  glass. 

Now,  l(?t  a  piece  of  black  velvet  \)c  held  opposite 
the  end  of  the  tube,  so  as  to  be  visible  through  the  transparent  ring. 
If  the  velvet  reflected  no  light,  then  the  tnvnsparent  ring  would  be- 
come as  <lark  as  the  di.sk  in  the  centre ;  but  that  will  not  be  the  case. 
The  velvet  will  appear  by  contrast  with  the  disk,  not  black,  but  of  a 
f.Te\i-h  colour,  proving  that  a  certain  portion  of  light  is  reflected, 
which  in  this  case  i.s  rendered  perceptible  by  the  removal  of  the 
brJLrhfi'r  oLjcM-ts  from  the  eye. 

li'J'J.  Irnguhir  rrjlcrtion  vrccssary  to  vision. — Irregular  reflection, 
as  ii  has  been  so  inijtroperly  called,  is  one  of  the  properties  of  light 
ivhicl:  is  most  essential  to  the  cfliciency  of  vision. 

492 


REFLECTION  FROM  UNPOLISHED  SURFACES.  21 

ihont  irregular  reflection,  light  must  be  cither  absorbed  by  the 
es  on  which  it  falls,  or  it  must  be  regularly  reflected.  If  the 
irhich  proceeds  from  luminous  objects,  natural  or  artificial,  were 
3ed  by  the  surfaces  of  objects  not  luminous,  then  the  onl« 
3  objects  in  the  universe  would  be  the  sun,  the  stars,  and  arti- 
lights  such  as  flames, 
eee  luminaries  would,  however,  render  nothing  visible  but  them- 

the  light  radiating  from  luminous  objects  were  only  reflected 
irly  from  the  surface  of  non-luminous  objects,  these  latter 
I  still  be  invisible.  They  would  have  the  effect  of  so  many 
rs,  in  which  the  images  of  the  luminous  objects  only  could  be 

Thus,  in  the  day-time,  the  image  of  the  sun  would  be  reflect- 
3m  the  surface  of  all  objects  around  us,  as  if  they  were  com- 
of  looking-glass,  but  the  objects  themselves  would  be  invisible. 
Qoon  would  be  as  though  it  were  a  spherical  mirror,  in  which 
nage  of  the  sun  only  would  be  scon.  A  room  in  which  arti- 
lights  were  placed  would  reflect  these  lights  from  the  walls  and 

Ejects  around  as  if  they  were  specula,  and  all  that  would  be 
e  would  be  the  multiplied  reflections  of  the  artificial  lights, 
egnlar  reflection,  then,  alone  renders  the  forms  and  qualities  of 
a  visible.  It  is  not,  however,  merely  by  the  first  irregular  re- 
in of  light  proceeding  from  luminaries  by  which  this  is  effected. 
ia  illuminated  and  reflecting  in'cgularly  the  light  from  their 
les,  become  themselves,  so  to  spe^,  secondary  luminaries,  by 
I  other  objects  not  within  the  direct  influence  of  any  luminary 
nlightencd,  and  these  in  their  turn  reflecting  light  irregularly 
their  surfaces,  illuminate  others,  which  again  perform  the  same 
to  another  series  of  objects.  Thus  light  is  reverberated  from 
b  to  object  through  an  infinite  series  of  reflections,  so  as  to  render 
aerable  objects  visible  which  are  altogether  removed  from  the 
i  influence  of  any  natural  or  artificial  source  of  light. 
3.   Use  of  the  atmosphere  in  diffusing  light. — The  globe  of  the 

is  surrounded  with  a  mass  of  atmosphere  extending  forty  or 
miles  above  the  surface. 

16  mass  of  air  which  thus  envelopes  the  hemisphere  of  the  earth 
Dted  towards  the  sun,  is  strongly  illuminated  by  the  solar  light, 
like  all  other  bodies,  reflects  irregularly  this  light  Each  par- 
of  air  thus  becomes  a  luminous  centre,  from  which  light  radiates 
'ery  direction.  In  this  manner,  the  atmosphere  dieses  in  all 
lions  the  lieht  of  the  sun  by  irregular  reflection.  Were  it  not 
lis,  the  sun  s  light  could  only  penetrate  those  spaces  which  are 
tlv  accessible  to  his  rays.  Thus,  the  sun  shining  upon  the  win- 
of  an  apartment  would  illuminate  just  so  much  of  that  apartment 
)ald  be  exposed  to  his  direct  rays,  the  remainder  remaining  in 
But  we  find,  on  the  oontrary,  that  although  that  part  of 
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the  room  upon  whicli  the  snn  directly  shines  is  more  briHiantly  illii- 
nunated  than  the  surrounding  parts,  these  Utter  are  nevertlwka 
strongly  illuminated.  All  this  light  proceeds  from  the  irregular  re- 
flection of  the  mass  of  atmosphere  just  mentioned. 

924.  Diffusion  of  solar  light  6y  all  opaque  objeels,  —  But  tha 
solar  light  is  further  diffused  by  being  again  irregularly  reflected  from 
the  suduce  of  all  the  natural  objects  upon  which  it  fails.  The  ligbt 
thus  irregularly  reflected  from  the  air  falling  upon  all  natural  objecti, 
is  again  reciprocally  reflected  from  one  to  another  of  thcso  throng  as 
indefinite  series  of  multiplied  reflections,  so  as  to  produce  that  diffined 
and  general  illumination  which  is  necessary  for  the  purposes  of  vision. 

Light  and  shade  arc  relative  terms,  signifying  only  difierent  degreei 
of  illumination.  There  is  no  shade  so  dark  into  which  some  b'ght 
docs  not  penetrate. 

It  is  the  same  with  artificial  lights.  A  lamp  placed  in  a  room 
illuminates  directly  all  those  objects  accessible  to  its  rays.  These 
objects  reflect  irregularly  the  light  incident  upon  them,  and  illuminate 
thus  more  faintly  others  which  arc  removed  from  the  direct  influence 
of  the  lamp,  :inii  thus,  these  again  reflecting  the  light,  illuminate  a 
third  scries  still  more  faintly;  and  so  on. 

925.  E/Tect  of  the  irregular  rrflection  of  lamp-shades.  —  When 
it  is  desired  to  diffuse  uniformly  by  reflection  the  light  which  radiates 
from  a  luminary,  the  object  is  often  more  effectually  attained  by 
means  of  an  uTipolishcd  opaque  reflector  than  by  a  polished  one. 
White  paper  or  c;ird  answers  this  purpose  very  effectually.  Shades 
formed  into  aniical  surfaces  placed  over  lamps  are  thus  found  to  dif- 
fuse by  reflection  the  light  in  particular  directions,  as  in  the  case  of 
billiard-tables  or  dinner-tables,  where  a  uniformly  diffused  light  is 
required.  A  polished  reflector,  in  a  like  case,  is  found  to  diffuse  light 
much  more  unequally. 

In  case  of  white  paper  or  card,  each  point  becomes  a  centre  of 
radiation,  and  a  general  and  uniform  illumination  is  the  consequence. 
The  light  obtained  by  reflection  in  such  cases  is  always  augmented  by 
rcnd«  ring  the  reflector  perfectly  opaque ;  for  if  it  be  in  any  dcgit^ 
traiisiiarent,  as  is  sometimes  the  case  with  paper  shades  put  over 
lumps,  the  light  which  pa.sses  through  them  is  necessarily  subtracted 
from  that  which  is  reflected. 


CHAP.  V. 

REFLECTIOX   FROM   PERFECTLY   POLISHED   SURFACES. 

92G.  Regular  njlection.  —  By  what  has  been  just  explained,  it 
appears  that  light  reflected  from  rough  and  unpolished  surfaces  radi 
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lies  from  all  tho  parts  composing  them,  as  from  so  many  foci  of 
divergent  pencils.  If,  however,  tho  surface  were  absolutely  smooth 
and  perfectly  polished,  then  totally  different  phenomena  would  ensue^ 
which  have  been  denominated  regular  reflection. 

027.  Mirrors  and  specula. — Surfaces  which  possess  this  reflecting 
power  in  tho  highest  degree  are  called  mirrors  or  specula. 

The  most  poHect  specula  are  those  composed  of  the  metals,  tho  best 
being  produced  by  various  alloys  of  copper,  silver,  and  zinc.  If  a 
glass  pkte  be  blackened  on  ono  side,  tho  surface  of  the  other  will 
form  for  certain  purposes  a  good  reflector. 

928.  Law  of  regular  reflection. — To  explain  the  law  of  regular 
reflection,  let  c,  Jig.  274.,  be  a  point  upon  a  reflecting  surface  a  b, 

upon  which  a  ray  of  light  d  c  is  incident. 
Draw  the  line  c  E  perpendicular  to  the  re- 
flecting surface  at  c ;  tho  angle  formed  by 
this  perpendicular  and  the  incident  ray  D 
c,  is  called  the  angle  of  incidence. 

From  the  point  c,  draw  a  line  c  d'  in  the 

plane  of  the  angle  of  incidence  doe,  and 

B  forming  with  the  perpendicular  c  E  an  angle 
Fie  274.  d'  c  E  equal  to  the  angle  of  incidence,  but 

*  lying  on  the  other  side  of  tho  perpendic- 

ular. This  line  c  d'  will  be  the  direction  in  which  the  ray  will  be 
reflected  from  the  point  c.  The  angle  d'  o  £  is  called  the  angle  of 
reflection. 

The  plane  of  tho  angles  of  incidence  and  reflection  which  passes 
through  the  two  rays  c  D  and  c  d',  and  through  the  perpendicular  c  E, 
and  which  is  therefore  at  right  angles  to  the  reflecting  surface,  is 
called  the  plane  of  rejlection. 

This  law  of  regular  reflection  from  perfectly  polished  surfaces,  which 
it  of  great  importance  in  the  theory  of  light  and  vision,  is  expressed 
M  follows : — 

When  Hs^hl  is  reflected  from  a  perfectly  polished  surface,  the  an- 
gle of  incidence  is  equal  to  the  angle  of  reflection,  in  the  same  plane 
with  it,  and  on  the  opposite  side  of  the  perpendicular  to  the  reflecting 
tmrfaee. 

From  this  law  it  follows,  that  if  a  ray  of  light  fall  perpendicularly 
OD  a  reflecting  surface,  it  will  be  reflected  back  perpendicularly,  and 
will  return  upon  its  path ;  for  in  this  case,  the  angle  of  incidence  and 
the  angle  of  reflection  being  both  nothing,  the  reflected  and  incident^ 
rays  must  both  coincide  with  the  perpendicular.  If  the  point  G  be 
upon  a  concave  or  convex  surface,  tho  same  conditions  will  prevail ; 
the  line  c  E  which  is  perpendicular  to  the  surface,  being  then  what  is 
called  in  geometry,  the  normal. 

929.  Experimental  verification  of  this  law.  —  This  law  of  refle<v 
tion  may  be  experimentally  verified  as  follows : — 
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Lei  e  d  e\  Jig.  275.,  be  a  graduated  Mnudnile,  placed  with  ili 
diameter  e  c  horizontal.  Let  a  plumb-line  6  4  be  suspended  from 
its  centre  b,  and  let  the  graduated  arc  be  so  adjusted  that  the  plmb- 

line  shall  intersect  it  at  the 
lero  point  of  the  dirieion, 
the  divisioDS  beinff  numbovd 
from  that  point  m  each  di- 
rection towuds  c  and  c.  Let 
a  small  reflector  (a  piece  of 
looking-glass  will  answer  the 
purpose)  be  placed  upon  the 
horizontal  diameter  at  the 
centre  with  its  reflecting  nu^ 
face  downwards,  and  let  any 
convenient  and  well-defined 
object  be  placed  upon  the 
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graduated  arc  at  any  point,  such  as  a,  between  d  and  c.  Now,  if 
the  point  a  be  taken  upon  the  arc  d  c'  at  a  distance  from  d  equal  to 
d  a,  the  eve  placed  at  a  and  directed  to  b  will  perceive  the  object  a 
as  if  it  were  placed  in  the  direction  a  b.  It  follows,  therefore,  that 
the  li>!lkt  iss:uing  from  the  point  of  the  object  a  in  the  direction  aft, 
is  ri-tiectcd  to  the  eye  in  the  direction  b  a.  In  this  ease,  the  angle 
a  bd  is  the  angle  of  incidence,  and  the  angle  d b a'  is  the  angle  of 
reflect iun  ;  and,  whatever  position  may  be  given  to  the  object  a,  it  will 
be  found  that  in  rider  to  see  it  in  the  reflector  b,  the  eye  must  be 
placed  upon  the  arc  cf  c'  at  a  distance  from  d  equal  to  the  distance  at 
which  the  object  is  placed  from  d  upon  the  arc  d  r. 

The  sumo  principle  may  also  be  experimentally  illustrated  as  fol- 
lows : — 

If  a  ray  of  <run4i;Tht  admitted  into  a  dark  room  through  a  small 
hole  in  a  win'low-shutter  strike  upon  the  surface  of  a  mirror,  it  will 
be  reflt.ctod  fr«»ni  it,  and  both  the  incident  and  reflected  rays  will  be 
rendered  visible  by  the  particles  of  dust  floating  in  the  room.  By 
comparini^  the  direction  of  these  two  visible  rays  with  the  direction 
of  the  plane  of  tiic  mirror  and  the  position  of  the  point  of  incidence, 
it  will  bo  fumd  that  tlie  law  of  reflection  which  has  been  announced 
is  verified. 

OoO.  Plane  rrflf dors  —  parallel  rays.  —  If  parallel  rays  be  inci- 
dent upon  a  polished  plane  reflecting  surface,  they  will  be  reflected 
paralkl ;  for  since  they  are  parallel,  they  will  make  equal  angles  with 
the  p(.rp(.'ndiculnrs  to  the  surface  at  their  points  of  incidence,  and  the 
pianos  of  those  angles  will  also  be  parallel. 

The  r'.flocted  rays  will,  therefore,  also  make  equal  angles  with  the 
perpendiculars,  and  the  i)lanes  of  reflection  will  be  parallel;  conse- 
quently the  reflected  rays  will  bo  parallel. 

This  may  also  be  experimentally  verified  by  admitting  rays  of  solar 
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light  into  a  dark  room  through  two  pmall  apertures.  Such  rays  will 
always  be  parallel ;  and  if  they  are  received  upon  a  plane  mirror,  their 
reflections  will  be  found  to  be  parallel,  the  rays  and  the  reflections 
being  rendered  visible,  as  already  explained. 

981.  Divergent  rays,  —  If  a  pencil  of  divergent  rays  fall  upon  a 
plane  mirror,  the  reflected  rays  will  also  be  divergent,  and  their  focus 
will  be  a  point  behind  the  mirror  similarly  placed,  and  at  the  same 
distance  as  the  focus  of  incident  rays  is  before  it. 

To  demonstrate  this,  let  A  By  Jig,  276.,  be  the  reflecting  surface. 
Let  F  be  the  focus  of  the  incident  pencil  from  which  the  rays  F  A, 
r  B,  F  c,  &c.  diverge,  and  let  f  A  be  perpendicular  to  the  reflecting 

surface  A  B.  If  we  take  A  f'  on  the 
continuation  of  F  A  equal  to  A  f,  and 
draw  the  lines  f'  b  b'  and  f'  c  g',  then 
it  can  easily  be  perceived  that  the 
lines  B  b'  and  c  c'  make  angles  with 
the  reflecting  surface,  and  therefore 
with  the  perpendicular  to  it,  equal  to 
the  angles  which  the  incident-  rays 
F  b  and  F  0  make  with  it  respect- 
ively ;  for  since  A  F  is  equal  to  A  f', 
F  b  will  be  equal  to  F'  B,  and  F  o 
will  be  equal  to  f'c;  consequently 
the  angles  b  f  a  and  b  f'  a  will  be  equal,  as  will  also  the  angles  c  F  A 
and  C  f'  a.  But  the  angles  b  f  a  and  c  F  A  arc  the  angles  of  inci- 
dence of  the  two  rays  F  B  and  F  c ;  and  since  the  angles  B  f'  A  and 
C  f'  A  are  respectively  equal  to  them,  and  lie  on  opposite  sides  of  the 
perpendicular,  they  will  be  the  angles  of  reflection ;  consequently,  the 
my  f  b  will  be  reflected  in  the  direction  B  b',  and  the  ray  F  o  in  tlie 
direction  cc'.  These  two  rays,  therefore,  will  be  reflected  from  the 
points  B  and  c  as  if  they  had  originally  radiated  from  f'  as  a  focus ; 
and  in  the  same  way  it  may  be  shown  that  the  other  rays  of  a  pencil 
diverging  from  f  will  be  reflected  from  the  mirror  as  if  they  had 
diveiged  from  f'.  But  f'  is  the  point  on  the  other  side  of  the  mirror 
which  is  placed  similarly  and  at  the  same  distance  from  the  mirror  as 
the  point  f  is  in  front  of  it. 

932.  Image  of  an  object  formed  by  a  plane  reflector,  —  It  follows 
from  what  has  been  just  explained,  that  an  object  placed  before  a 
plane  reflector  will  have  an  image  at  the  same  distance  behind  the  re- 
flector as  the  object  is  before  it,  for  the  rays  which  diverge  from  each 
point  of  the  object  will  after  reflection,  according  to  what  has  been 
shown,  diverge  from  a  point  holding  a  corresponding  position  behind 
the  reflector,  and  if  received  after  reflection  by  the  eye  of  an  observer 
will  produce  the  same  eflfect  as  if  they  had  actually  diverged  from 
tnch  point.  All  the  rays,  therefore,  proceeding  from  the  object,  will 
after  reflection  follow  those  directions  wbich  they  would  follow  had 
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tlicy  proooedod  from  a  series  of  points,  on  the  surface  of  a  similar 
object  plnccd  bi'liind  the  reflector  at  the  same  distance  as  the  ohject 
itself  is  iH'fure  it,  and  consequently  they  will  produce  the  same  effect 
on  tli<'  orjrans  (»f  vi>i'^n  as  would  be  produced  by  a  similar  object 
placed  as  tar  behind  the  mirror  as  the  object  itself  is  before  it. 

The  pt)«itinn  of  the  different  parts  of  the  image  formed  in  a  plane 
reflector  will  bo  exactly  determined  by  supposing  perpendiculars  drawn 
from  every  point  vn  the  object  to  the  reflector,  and  these  perpendicu- 
lars to  be  etmtinued  beyond  the  reflector  to  distances  equal  to  those 
of  the  p(»ints  from  which  they  are  drawn  before  it.  The  extremitieB 
of  the  perpendiculars  so  continued  will  then  determine  the  corre- 
sponding points  of  the  image. 

It  follows  from  this,  that  the  images  of  objects  in  a  plane  reflector 
appear  ertctj  that  is  to  say,  the  top  of  the  image  corresponds  with  the 
top  of  the  object,  and  the  bottom  of  the  image  with  the  bottom  of 
the  object.  But  considered  laterally  with  reg:ird  to  the  object  itself, 
they  will  be  invrrtrdj  that  is  to  say,  the  left  will  become  the  right, 
and  the  ri^ht  the  K-ft.  This  will  be  easily  understood  by  conyidcriiii; 
that  if  a  person  stand  with  his  face  to  a  plane  reflector,  in  a  vertical 
position,  his  imago  will  be  presented  with  the  face  towards  him,  and 
the  image  of  his  right  hand  will  be  on  the  right  side  of  his  image  as 
he  views  it,  but  will  be  on  the  left  side  of  the  image  itself,  and  the 
Fame  will  aj>j»ly  to  every  other  part  of  the  image  in  reference  to  the 
object.     'J'lure  is,  therefore,  lateral  inversion. 

This  cfl'ict  is  rendered  strikingly  matiifest  by  holding  before  a  re- 
fleotor  a  printed  b«»nk.  On  the  imago  of  the  book  all  the  letters  will 
be  rcvrrM'd. 

It  fullows  also,  from  what  has  Iwen  explained,  that  if  an  object  be 
not  parallel  to  a  reflect«>r,  but  forms  an  angle  with  it,  the  image  will 
form  a  like  angle  with  it,  and  will  form  double  that  angle  with  the 
direction  of  the  object. 

Let  A  Tijfig.  "211. y  be  a  plane  reflector,  before  which  an  object  CD 
is  placed.  From  c  draw  the  perpendic- 
ular c  o,  and  continue  it  from  o  to  c',  so 
that  o  c'  shall  be  equal  to  o  c.     In  like 

t j J     maimer,  draw  the  perpendicular  D  P,  and 

\  /      continue  it  so  that  r  d'  shall  be  equal  to 

V ^ -4       r  D.     Then  the  image  of  c  will  be  at  c', 

and  the  image  of  D  at  p',  and  the  image 
of  all  the  intervening  points  between  c  and 
D  will  be  at  points  intermctliate  between 
c'  and  n',  so  that  c'  l)'  shall  bo  inclined 
to  the  reflector  at  the  same  angle  as  c  D 
is  inclined  to  it,  and  the  object  and  the 
image  will  be  inclined  to  each  other  at  twice  the  angle  at  which  cither 
i"  iwciined  to  the  refleclor.  • 
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Hence,  if  an  object  in  a  horizontal  position  be  reflected  by  a  re- 
flector forming  an  angle  of  45^  with  the  horisson,  its  image  will  be  in 
a  vertical  position ;  and  if  the  object  being  in  a  vertical  position  be 
reflected  by  such  a  miiror,  its  image  will  be  in  a  horizontal  position. 

If  a  reflector  be  placed  at  an  angle  of  45^  with  a  wall^  the  image 
of  the  wall  will  be  at  right  angles  with  the  wall  itself. 

If  a  reflector  be  horizontal,  the  image  of  any  vertical  object  seen  in 
it  will  be  inverted.  Examples  of  this  are  rendered  familiar  by  the 
efiect  of  the  calm  surface  of  water.  The  country  on  the  bank  of  a 
calm  river  or  lake  is  seen  inverted  on  its  surface. 

933.  Series  of  images  formed  by  two  plane  refiectors,  —  If  an 
object  be  placed  between  two  parallel  plane  reflectors,  a  series  of 
images  will  be  produced  lying  on  the  straight  line  drawn  through  the 
object  perpendicular  to  the  reflector.  This  effect  is  seen  in  rooms 
where  mirrors  are  placed  on  opposite  and  parallel  walls,  with  a  lustre 
or  other  object  suspended  between  them.  An  interminable  range  of 
lustres  is  seen  in  each  mirror,  which  lose  themselves  in  the  distance 
and  by  reason  of  their  faintncss.  This  increased  faintncss  by  multi- 
plied reflection  arises  from  the  loss  of  light  caused  in  each  successive 
reflection,  and  also  from  the  increased  apparent  distance  of  the  image. 

Let  A  B  and  c  i>,fig.  278.,  be  two  parallel  reflectors;  let  o  be  au 
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object  placed  midway  between  them.  An  image  of  o  will  be  formed 
at  o'  as.  &r  behind  o  d  as  o  is  before  it,  and  another  image  will  be 
formed  at  </  as  £Eur  behind  A  b  as  o  is  before  it.  The  image  o'  be- 
coming an  object  to  the  mirror  A  b  will  form  in  it  another  image  o" 
as  far  behind  a  b  as  o'  is  before  it,  and  in  like  manner  the  image  o' 
becoming  an  object  to  the  mirror  c  d  will  form  an  image  o"  as  far 
behind  o  d  as  o'  is  before  it.  The  images  o"  and  o"  will  again  become 
objects  to  the  mirrors  a  b  and  c  D  respectively ;  and  two  other  images 
will  be  formed  at  equal  distances  beyond  these  latter.  In  the  same 
way  we  shall  have,  by  each  p»^r  of  images  becoming  objects  to  the 
respective  mirrors,  an  indefio'io}  scries  of  equidistant  images. 

The  distance  between  each  successive  pair  of  images  will  be  equal 
to  the  distance  of  the  object  o  from  cither  of  the  images  o'  or  o\  and 
consequently  to  the  distance  between  the  mirrors. 

934.  Images  repeated  by  inclined  reflectors.  —  A  variety  of  in- 
teresting optical  phenomena  are  produced  by  the  multiplied  reflection 
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of  plane  mirrors  inclined  to  each  other  at  different  angles.  As  all 
these  phenomena  may  be  explained  npon  the  same  principle,  it  will 
suffice  here  to  give  a  single  example. 

Let  A  B,  A  c,  fig,  279.,  be  two  reflectors,  inclined  to  each  other 
at  a  right  angle,  and  let  o  be  an  object  placed  at  a  point  between 
them,  equally  distant  from  each.  From  o 
draw  O  M  and  0  N  perpendicular  to  A  c  and 
A  B,  and  produce  o  M  to  o'  so  that  m  o'  will 
be  equal  to  M  o ;  and  produce  o  n  to  o",  so 
that  N  o"  shall  be  equal  to  n  o.  Two  imag^ 
of  the  point  o  will  be  formed  at  o'  and  o". 
The  image  o'  becoming  an  object  to  the 
mirror  A  B  will  have  an  image  at  o'"  just  ai 
for  behind  A  B  as  o'  is  before  it ;  and,  in  like 
manner,  the  image  o"  becoming  an  object  to 
the  reflector  A  c  will  have  an  image  just  as 
far  behind  A  c  as  o"  is  before  it  \  but,  in  the  present  case,  this  latter 
image  of  o"  in  the  reflector  A  c  will  coincide  with  the  image  of  o'  in 
the  nfloctor  A  n,  and  will  appear  at  o'".  Thus,  the  mirrors  will  pre- 
sent three  images  of  the  object  o,  which  arc  placed  at  the  angles  of  a 
square,  of  which  the  point  A  is  the  centre. 

In  the  same  manner,  if  the  reflectors  A  B  and  A  c  be  placed  at  an 
angle  which  is  the  eighth  part  of  300°,  there  will  be  formed  seven 
images  of  the  point  o,  which,  with  the  point  o,  will  ^^  placed  at  the 
eight  angles  of  a  regular  octagon  of  which  the  pom.  :.  where  the 
mirrors  meet,  will  be  the  centre;  and  like  results  will  oc  found  by 
giving  the  mirrors  other  inclinations. 

9o5.  The  kaleidoscope. — The  optical  cflccts  of  the  kaleidoscope 
depend  upon  this  principle.  Two  plates  of  common  looking-glass  are 
fixed  in  a  tube  forming  an  angle  of  45°,  or  some  other  aliquot  part  of 
800°,  with  each  other;  semi-transparent  objects  of  \'arious  colours  are 
loosely  thrown  between  them,  and  shut  in  by  means  of  plates  of  glsM 
at  the  ends,  one  of  which  is  ground,  so  as  to  be  semi-transparent 
The  images  of  the  coloured  fragments  between  the  mirrors  are  multi- 
plied so  as  to  form  a  polygon  as  just  described,  and  thus  a  regularity 
is  given  to  their  arrangement,  however  irregular  their  disposition  may 
be  between  the  mirrors.  The  eflect  of  this  instrument  may  be  varied 
by  a  provision  ft)r  varying  the  inclination  of  the  mirrors. 

9o0.  Optical  toy  by  multiplied  reflection,  —  An  amusing  optical 
toy  is  represente<l  in  fig.  2S0.,  by  means  of  which  objects  may  be 
seen,  notwithstnndintr  the  interposition  of  any  opaque  screen  between 
them  and  the  eye.  The  rays  preceeding  from  the  object  p  entering 
the  tube  d  strike  on  the  mirror  I  placed  at  an  angle  of  45°,  and  are 
reflected  downwards  vertically  to  the  mirror  /i,  also  placed  at  45°, 
from  which  they  are  reflected  horizontally  to  the  mirror  g  placed  at 
45^,  from  which  they  are  again  reflected  vertically  to  the  mirror  k 
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Fig.  280. 

placed  at  45^,  from  which  they  are  reflected  horizontally  to  it  at  A. 
The  eye  thus  sees  the  object  after  four  reflections,  the  rays  which 
render  it  visible  having  travelled  round  the  rectangular  tube  Ihg  ka, 

937.  Formation  of  images  by  reflecting  surfaces  in  general,  —  In 
order  that  a  reflector  should  produce  a  distinct  image  of  an  object 
placed  before  it,  it  is  necessary  that  the  rays  diverging  from  each 
point  of  the  object  should,  after  reflection,  diverge  from,  or  converge 
to,  some  common  point. 

Thus,  the  surface  of  the  object  may  be  considered  as  an  assemblage 
of  foci  of  an  infinite  number  of  pencils  of  incident  rays.  Each  of 
these  pencils  will,  by  reflection,  bo  converted  into  other  pencils  hav- 
ing other  foci,  the  assemblage  of  which  will  determine  the  form  and 
magnitude  of  the  image  of  the  object  produced  by  the  reflector.  In 
the  case  of  a  plane  reflector,  it  has  been  shown  that  the  assemblage 
of  these  foci  corresponds  in  form  and  magnitude  to  the  object,  and 
therefore,  in  this  case,  the  image  is  equal,  and  in  all  respects  similar 
to  the  object;  but  this  does  not  always  happen. 

938.  Magnified,  diminishedy  or  distorted  images,  —  The  pencils 
of  incident  rays  may  be  converted  by  reflection  into  pencils  of 
reflected  rays  having  different  foci,  but  the  assemblage  of  these  foci 
may  not  correspond  with  the  points  forming  the  surface  of  the  object. 
They  may  be  similar  to  it  in  form,  but  greater  in  magnitude,  in  which 
ease  tiie  reflector  is  said  to  magnify  the  object ;  or  they  may  be  simi- 
lar to  it  in  form  and  less  in  magnitude,  in  which  case  the  reflector  is 
said  to  diminish  the  object.  In  fine,  they  may  assume  such  a  form 
as  to  present  the  object  in  altered  proportions.  Thus,  while  the  pro- 
portion of  the  vertical  dimensions  is  preserved,  that  of  the  horizontal 
dimensions  may  be  increased  or  diminished,  or  vice  versd  ;  or  either 
of  these  dimensions  may  be  generally  increased  at  various  points  of 
the  image.  In  such  case,  the  reflector  is  said  to  present  a  distorted 
image. 

939.  Caset  in  which  no  image  is  formed,  —  Since  to  produce  a 
disUnot  image  of  any  point  in  an  object,  it  is  necessary  that  the  rays 
diverging  from  that  point  should  be  reflected,  so  as  to  diverge  from 
•ome  other  point,  if  after  reflection  they  have  no  common  point  of  iu- 
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teneetioD,  tlie  point  of  the  object  firom  which  fliey  ori^naDj  £vtf  jjal 
can  have  no  distinct  image. 

In  this  case  the  effect  of  the  reflection  will  he  to  |irodnee  npon  the 
▼ision  a  confused  impression  of  the  coloor  of  the  object^  without  any 
distinct  form. 

940.  drnditimu  under  which  the  refleeied  rayM  thall  have  a  com" 
mon  focus.  —  In  order,  therefore,  that  a  polished  surface  should  re- 
flect the  rays  which  diverging  from  any  point  are  incident  upon  it  ex- 
actly to  or  from  another  point,  it  is  neccssair  that  the  surface  should 
be  of  such  a  nature  that  lines  drawn  from  tne  two  pcnnts  in  question 
to  any  one  point  on  the  surface  shall  make  equal  angles  with  the  mr- 
fsoe.  No  surface  possesses  this  property  except  one  whose  section 
made  by  a  plane  passing  through  the  two  points  is  an  ellipse,  the  two 
points  being  its  foci.  It  follows,  therefore,  that  if  a  pencil  of  lisht 
have  its  focus  at  one  of  the  fod  of  an  ellipse,  the  rays  which  divei^ng 
from  such  focus  strike  upon  the  ellipse,  or  upon  any  snrfiicc  with 
which  the  ellipse  would  coincide,  will  be  reflected  to  the  other  focus. 

941.  Elliptic  rrjlector, — To  render  this  more  clear,  let  acbd, 

7^.  281.,  be  an  ellipse  whose 
foci  are  F  and  f'.  Then,  ac- 
cording to  what  has  been  ex- 
plained, if  two  lines  be  drawn 
from  F  and  F'  to  any  one  point, 
such  as  p,  in  the  ellipse,  they 
will  make  equal  angles  with 
the  ellipse ;  and,  consequently, 
if  F  P  be  a  ray  of  light  form- 
ing part  of  a  pencil  of  rays 
whose  f(x:us  is  F,  it  will  be  re- 
flected along  the  lino  pf'  to 
the  other  focus. 

Now  if  we  suppose  a  re- 

FJg-  281.  fleeting  surface  so  formed  that 

the  ellipse  l)y  turning  round  the  line  A  B  as  an  axis  will  everywhere 

coincide  with  it,  this  surface  is  called  an  ellipsoid ;  and  if  it  were  a 

polished  and  reflecting  surface,  it  would  be  called  an  elliptic  rejlector. 

It  is  evident  that  it  is  not  necessary  that  such  a  surface  should 
form  a  complete  ellipsoid.  Any  portion  of  it  upon  which  a  pencil  of 
rays  passing  from  one  of  the  foci  would  fall,  would  reflect  such  pencil 
BO  as  to  make  it  converge  to  the  other  focus.  In  this  case  the  pencil 
proceeding  from  the  focus  in  which  the  luminous  point  is  placed, 
would  be  a  diverging  pencil,  and  that  which  is  reflected  to  the  other 
focus  wo\ild  be  a  converging  pencil. 

0 12.  Parabolic  re/lectors.  —  It  has  been  shown  (807.)  that  a  para- 
bola has  a  property  in  virtue  of  which  a  line  drawn  from  any  point 
in  it.  such  as  P,^^.  282.,  to  a  point  F  called  its  focus,  and  another, 
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p  My  parallel  to  its  axis,  make  equal  angles  with  the  curve.  It  foU 
lows  from  this,  that  if  the  parabola  possessed  the  power  of  reflecting 
light,  rays  diverging  from  its  focas  F  would  be  reflected  parallel  to  its 

axis  V  M ;  and,  on  the  other  hand,  if 
rays  directed  along  lines  parallel  to 
its  axis  were  incident  on  the  para- 
bola, they  would  be  reflected  in  the 
'■■form  of  a  pencil  converging  to  its 
focus. 

If  we  suppose  the  parabola  to  re- 
-M  vol^o  round  its  axis  v  M,  a  surface 
with  which  it  would  everywhere  coin- 
cide as  it  revolves  is  called  a  'pwra- 
-M  boloid ;  and  if  such  a  surface  were 
polished  so  as  to  reflect  light  regu^ 
larly,  it  would  form  a  parabolic  re- 
flector. It  follows,  therefore,  that  if 
a  luminous  point  be  placed  in  the 
focus  of  such  a  reflector,  its  rays  af- 
ter reflection  will  be  parallel  to  the 
axis ;  and,  on  the  other  hand,  if  rays 
strike  upon  the  reflector  in  directions 
parallel  to  its  axb,  they  will  be  re- 
flected to  its  focus. 

943.  Experimental  verification  of 
these  properties  in  the  case  of  an  elliptic  reflector,  —  These  remark- 
able properties  of  elliptic  and 
parabolic  reflectors  may  be  eas- 
ily verified  by  experiment.  Let 
ABC,  Jig.  283.,  be  the  section 
of  an  elliptic  reflector  made  by 
*  a  plane  passing  through  its 
focus  F,  the  other  focus  being  at 
i^.  Let  a  luminous  point,  such 
as  a  small  flame,  or  still  better 
the  light  produced  by  two  char- 
coal points  when  a  galvanic  cur- 
rent passes  through  them,  be 
placed  at  the  focus  f. 
Let  straight  lines  be  imagined  to  be  dr&ym  from  i^  through  the 
extremities  of  a  circular  screen  s,  meeting  the  reflector  at  a  and  r, 
and  from  the  luminous  point  F  draw  the  lines  f  b  and  F  r.  It  is 
clear  from  what  has  been  stated  that  a  ray  of  light  passing  from  F  to 
K  will  be  reflected  from  b  to  f'  ;  and  one  passing  from  F  to  r  will  be 
reflected  from  r  to  i^,  both  grazing  the  edge  of  the  screen  s ;  and  the 
same  will  be  true  for  all  rays  passing  from  f  which  are  incident  upon 
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n  circle  traced  on  the  reflector  whose  diameter  would  be  a  line  joimng 
K  and  r. 

The  rays  proceeding  from  r,  and  incident  between  the  points  R  and 
r,  will  at'tVr  reflection  strike  upon  the  screen  S,  and  will  thus  be  pre- 
vented I'nnu  proceeding  towards  the  point  f'. 

Frnui  the  ])uint  F  draw  the  lines  F  r'  and  F  r'  passing  the  extremi- 
ties of  the  .«(Teen  8.  It  is  clear  that  the  rajs  passing  from  F  between 
the  lines  F  ii'  and  F  r  will  be  intercepted  by  the  screen. 

Thus  it  follows  that  all  the  rays  which  strike  upon  the  reflector, 
%nd  whicli  nre  not  intercepted  by  the  screen  s,  are  included  on  the  oae 
iide  by  the  lines  F  R  and  F  r',  and  on  the  other  by  the  lines  F  r  and  F  r'. 

Now,  according  to  what  has  been  explained,  all  the  rays  incident 
upon  the  surface  of  the  reflector  would,  after  reflection,  converge  to 
the  point  F,  as  represented  in  the  figure.  To  verify  this  fact,  let  a 
white  screen  M  N  be  placed  between  f'  and  8,  at  right  angles  to  the 
line  F'  s.  The  reflected  light  will  appear  upon  this  screen  when  held 
near  to  8,  as  an  illuniiuatcd  disk  with  a  small  circular  dark  spot  in  its 
centre,  this  dark  ppot  corresponding  to  the  space  from  which  the  light 
both  direct  and  reflected  is  excluded  by  the  small  screen  s.  If  the 
scn^c'u  M  N  he  now  gradually  moved  towards  f',  l>eing  kept  perpen- 
dicular to  the  line  s  f',  the  illuminated  disk  will  gradually  diminish 
in  diamet<T,  as  will  also  the  dark  circular  spot  in  its  centre,  and  this 
diminution  will  continue  until  the  screen  arrives  at  the  point  f',  when 
the  illuniiuatcd  disk  will  l>o  reduced  to  a  small  light  spot,  and  the 
dark  spot  iu  its  centre  will  disappear. 

This  experiment  may  be  further  varied  by  placing  the  screen  M  N 
as  near  the  reflector  as  possible,  and  piercing  several  holes  in  it  within 
the  area  of  the  illuniiuatcd  disk.  The  rays  of  light  passing  through 
those  holes  will  severally  converge  to  the  point  f',  as  may  be  shown 
by  hiilding  another  screen  beyond  M  X,  by  means  of  which  the  course 
of  the  rays  may  be  traced,  since  their  light  will  produce  light  spots 
upon  this  scretn.  As  it  is  moved  towards  f',  these  light  spots  will 
gradually  approach  each  other,  and  when  it  arrives  at  f'  they  will 


coalesce  and  form  a  single  spot. 


Fig.  284. 


944.  Case  of  a  parabolic  re- 
Jlector.  —  The  reflecting  proper- 
ty of  a  parabolic  reflector  may 
be  experimentally  exhibited  by 
a  like  expedient.  Let  arc, 
Jig,  284.,  represent  a  section  of 
the  reflector,  the  focus  being  F. 
Let  a  luminous  point  be  placed 
at  F,  and  a  small  circular  screen 
s,  as  before,  bo  placed  perpen- 
dicular to  the  axis,  and  near  the 
point  F.  It  may  be  shown^  aa 
in  the  case  of  the  elliptic  re- 
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iactor,  ihat  the  rajB  f  r'  and  F  /,  which  graie  the  screen,  will  be  re- 
flected in  the  direction  r'  y'  and  i'  ^^  parallel  to  the  axis  B  X;  and, 
in  like  manner,  that  the  rays  F  R  and  F  r,  which,  after  reflection, 
gnie  the  screen,  will  also  be  reflected  in  the  direction  R  Y  and  r  y 
parallel  to  the  axis. 

Hence  it  follows  that  the  reflected  light  will  be  excluded  from  a 
eylindrical  space,  of  which  the  screen  8  is  the  circular  base,  and  whose 
axis  coincides  with  the  axis  b  x  of  the  reflector. 

It  also  appears  that  no  light  diverging  from  the  focus  F  will  strike 
the  reflector  beyond  the  points  r'  and  r'.  The  light  reflected  will 
therefore  be  included  between  two  cylindrical  surmces,  haying  the 
axis  of  the  parabola  as  their  common  axis,  the  sides  of  the  extent 
cylinder  being  r'  t'  and  r'  y',  and  those  of  the  interior  cylinder  being 
a  T  and  r  y. 

It  is  easy  to  verify  these  phenomena.  Let  a  white  screen  M  N  be 
held  as  before  at  right  angles  to  the  axis  b  x,  an  illuminated  disk  will 
appear  upon  it,  whose  diameter  will  be  equal  to  the  line  r'  r',  having 
a  small  dark  spot  in  the  centre,  equal  in  magnitude  to  the  screen  8. 
If  the  screen  M  n  be  moved  towanis  or  from  the  screen  s,  this  illn- 
minated  disk  will  continue  of  the  same  magnitude,  having  a  dark 
■pot  in  the  centre  constantly  of  the  same  magnitude  also.  Thus  it 
appears  that  the  reflected  rays  must  follow  Qie  course  already  de- 
scribed. 

The  experiment  may  be  further  varied,  as  in  the  case  of  the  ellipse, 
by  piercing  several  holes  in  the  screen  M  N,  through  which  distinct 
rays  shall  pass.  These  rays  beine  received  upon  another  screen  be- 
hind M  N,  will  produce  upon  it  luminous  spots,  and  if  then  either 
screen  be  moved  towards  or  from  m  n,  these  spots  will  maintain  al« 
ways  the  same  relative  position. 

If,  in  the  case  of  the  elliptic  reflector,  the  luminous  point  be  placed 
at  ^\fig'  283,  instead  of  f,  tiien  the  eficcts  will  take  place  in  an 
inverse  order,  the  incident  rays  being  in  this  case  what  the  reflected 
lays  were  in  the  former,  and  vict  versd ;  and  the  phenomena  may  be 
verified  by  a  like  expedient.  If  a  small  dicular  screen  be  held  b^ 
tween  s  and  B  at  right  angles  to  the  axis,  it  will  be  found  that  the 
rays  reflected  from  the  elfiptio  surface  will  be  inclosed  between  two 
conical  surfaoes,  one  of  wluch  is  bounded  by  F  r'  and  F  r',  and  the 
other  by  F  R  and  F  r.  The  licht  will  be  excluded  from  the  cone 
whose  base  is  tiie  screen  s,  and  whose  vertex  is  at  f;  and  also  from 
the  oone  whose  base  is  r  r,  and  whose  vertex  is  also  at  f.  | 

In  the  same  manner,  all  the  effects  will  be  inverted  if  a  cylinder 
of  rays  parallel  to  the  axis  be  directed  upon  a  parabolic  reflector.  In 
thia  case,  the  reflected  rays  will  be  included  between  the  conical  sniv 
face  bounded  by  the  lines  f  r'  and  F  r',^.  284.,  and  the  conical  sor- 
fiioe  bounded  by  the  lines  f  r  and  F  r. 

This  may  be  in  like  manner  experimentally  verified  by  meaai  of 
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945.  Parabolic  reflectors  uufid  a$  htming  refleetarM, — In  < 
qoenoe  of  this  property,  panbolio  refleetore  are  well  adapted  for  eol* 
leetiiig  the  rays  of  the  sun  or  moon  into  a  focna.  Owing  to  the 
enormous  dutance  of  tiiese  objeotBy  oompared  with  any  magnitudes 
which  can  be  subject  to  ezperimenty  all  penothi  proceeding  frun  then 
may  be  considered  as  parallel. 

If,  then,  a  parabolic  reflector  be  placed  so  that  ita  azia  ahall  be 
directed  towards  the  sun,  the  ra^  g£  the  sun  reflected  by  it  will  be 
eollected  in  its  focus ;  and  aa  their  heating  power  will  then  be  propo^ 
tionally  augmented,  the  apparatus  may  be  used  as  a  burning  reflector. 

946.  Experiment  with  two  parabolic  refiecior%, — If  two  paraboliB 
reflectors  be  placed  at  auy  distance  asunder,  their  axes  coinciding,  the 
rays  prooeeding  from  a  luminous  point  placed  in  the  foooa  tA  one  willi 
after  two  reflections,  be  collected  into  the  focus  of  tiie  other. 

Thus,  if  A  B  and  ▲'  b', /^.  285.,  be  the  two  pmbolio  reflectors,  the 
light  proceeding  from  a  luminous  point  at  F  will  be  reflected  by  the 
surface  A  B  in  lines  parallel  to  v  y',  and  striking  upon  the  reflector 
a'  b'  will  converge  to  the  focus  f'. 

This  is  precisely  similar  to,  and  explicable  on  the  same  principles 
aa  the  phenomena  of  echo  explained  in  879. ;  all  that  has  been  ex- 


Fig.  285. 

pliuned  above  in  refereDce  to  elliptic  reflectors  is  also  analogous  to  the 
phenomena  of  echo  explained  in  879. 

Thus  the  reflection  of  light  is  in  all  respects  analogous  to  the  reflec- 
tion of  sound,  and  subject  to  the  same  laws. 

947.  Rttflection  by  elliptic  or  parabolic  surfaces  when  the  luminous 
point  is  not  in  the  focus, — If,  in  the  preceding  experiments,  the  lumi- 
nous point  be  moved  fiom  the  position  of  the  focus  F,  and  be  placed 
cither  nearer  to  or  further  from  the  reflector,  or  above  or  below  the 
focus,  the  reflected  rays  will  no  longer  converge  to  a  common  point 
after  reflection  by  an  elliptic  surface,  nor  will  they  proceed  in  parallel 
directions  after  reflection  by  a  parabolic  surface.  These  efiects  may 
be  verified  experimentally  by  the  same  expedients  as  before. 

If,  when  the  luminous  point  is  placed  before  the  reflector  out  of  the 
Ibciis  F,  the  screen  m  n  be  moved  as  before,  the  reflected  rays  will  pro- 
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duoe  npon  it  as  before  an  illuminated  disk ;  bat  this  disk  will  not  be 
Tednoed  to  a  Inminous  point  by  moving  the  screen  from  the  reflector; 
it  will  diminish  in  magnitude  to  a  certain  limit,  and  then  increase^ 
bat  will  not  in  any  case  be  reduced  to  a  point 

In  the  same  manner  with  the  parabolic  reflector,  when  the  light  is 
placed  out  of  the  focus,  the  illuminated  disk  produced  upon  the  screen 
will  not  continue  to  be  of  the  same  magnitade,  but  will  either  increase 
or  diminish,  according  as  the  luminous  point  is  placed  within  or  be- 
yond the  focus.  In  the  latter  case,  however,  although  the  illuminated 
disk  will  diminish,  it  will  not  be  reduced  to  a  point,  but  after  being 
ledooed  to  a  certun  magnitude,  it  will  again  increase,  and  in  all  these 
eases  the  disk  will  be  much  more  regular  in  ita  outline  than  in  the 
former  case. 

It  appears,  therefore,  that  an  elliptical  reflector  will  only  convert 
lajs  diverging  from  a  determinate  point  into  rays  converging  to  another 
determinate  point,  when  the  former  of  these  points  is  at  one  of  the 
foci ;  and  a  parabolic  reflector  will  only  convert  diverging  rays  into 
parallel  rays  when  these  rays  diverge  from  the  focus,  and  will  only 
convert  parallel  rays  into  rays  converging  to  a  determinate  point  when 
theae  parallel  rays'  are  parallel  to  the  axis. 

948.  Spherical  reflectors,  —  The  form  of  reflecting  surface,  how- 
ever, which  is  most  easy  of  construction,  and  most  convenient  in 
practice,  and  consequently  which  is  most  generally  used,  is  the  spheri- 
cal reflector. 

The  spherical  reflector  is  a  surface  which  may  be  conceived  to  be 

formed  by  the  arc  of  a  circle  less  in  magnitude  than  a  semicircle 

revolving  round  that  diameter  which  passes  through  its  middle  point 

Thus,  let  us  suppose  a  b  c,flg.  286.,  to  be  such  an  arc,  b  being  its 

middle  point,  and  o  its  centre. 
Taking  the  line  B  o  x  as  an 
axis  of  revolution,  let  the  arc  be 
imagined  to  rotate  round  it — 
Now  let  a  sur&ce  be  conceived, 
which  with  the  arc  as  it  re- 
volves would  be  everywhere  in 
exact  contact  Such  a  sur&ce 
Fig.  286.  ia  that  of  a  spherical  reflector. 

If  the  concave  side  of  it  be  the 
polished  side,  it  is  called  a  concaoe  reflector,  the  solidity  and  thick- 
ness being  then  on  the  convex  side;  but  if  the  solidity  be  included 
inthin  the  concavity,  and  the  convex  side  be  polished,  then  the  re- 
flector is  said  to  be  cotwex. 

These  two  classes  of  spherical  reflectors,  concave  and  convex,  have 
distinct  properties,  which  will  be  explained  in  succession. 

The  point  b,  which  is  the  middle  point  of  the  generating  are,  is 
called  the  vertex  of  the  reflector;  and  the  point  o,  the  centre  of  the 
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ganorating  arc,  is  called  its  centre.  The  lenglili  A  c  of  the  generating 
ara  itself,  expressed  in  degrees,  is  oaUed  the  opening  of  the  reflector. 
Oonseqoently,  the  angle  which  the  axis  o  b  makes  with  the  radios 
o  A  drawn  to  the  edge  of  the  reflector  is  half  the  opening.  The  right 
line  BOX,  drawn  through  the  vertex  and  the  centre  of  the  reflector, 
18  called  the  axis  of  the  reflector. 

Since  all  radii  of  a  circle  are  at  right  angles  to  the  ciitnunference 
at  the  point  where  they  meet  it,  it  follows  also  that  the  radii  of  a 
spherical  surface  are  at  right  angles  to  such  snrfiice.  Hence  it  fol* 
lows,  that  all  radii  of  a  spherical  reflector,  such  as  o  B,  o  R',  o  b", 
Ac.,  are  respectiyely  at  right  angles  to  the  suz£ice  of  the  reflector. 

These  definitions  and  consequences  are  equally  applicable  to  eon* 
oave  and  convex  reflectors. 

When  a  pencil  of  rays  proceeding  from  any  Inminons  point  or 
illuminated  object  is  incident  upon  a  spherical  reflector,  that  ray  of 
the  pencil  which  passes  through  the  centre  o  of  the  reflector  is  called 
the  axis  of  the  pencil.  Thus,  if  a  pencil  of  rays  diverging  from  the 
point  J,  Jig'  287.,  288.,  be  incident  upon  the  reflector  ABC,  the  axis 


Fig.  287. 


Fig.  288. 


of  that  pencil  will  in  such  case  bo  the  line  I  o  passing  through  the 
centre  o  of  the  reflector,  and  meeting  the  surface. 

In  the  case  represented  in^^.  287.,  the  axis  of  the  pencil  coincides 
with  the  axis  of  the  reflector;  but  in  the  case  represented  in  Jig.  288., 
it  is  inclined  to  it  at  the  angle  B  o  c.  A  pencil,  such  as  that  repre- 
sentod  in^.  287.,  is  called  the  principal  pencil y  and  the  line  I B  the 
principal  axis.  The  pencil  represented  injig.  288.  is  called  the  second- 
ary pencil,  and  the  axis  I  o  a  secondary  axis. 

It  is  clear,  from  mere  inspection  of  the  diagram,  that  the  axis  of 
the  principal  pencil  is  the  axis  of  the  reflector.  But  in  the  case  of  the 
secondary  pencil,  represented  in^.  288.,  the  axis  I  o  C  of  the  pencil 
is  not  in  the  centre  of  the  rajs  which  strike  the  reflector,  being  more 
on  the  side  B  A  than  on  the  side  B  c. 

The  axis  of  a  pencil  of  parallel  rays  is  defined  in  the  same  manner; 
a  principal  pencil  of  parallel  rays  being  one  whose  direction  is  parallel 
to,  and  whose  axis  coincides  with  the  axis  of  the  reflector,  and  a 
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■eootiflburj  pendl  of  pandlel  rays  being  one  whoee  raji  and  aziB  are 
inelined  to  the  axis  of  the  reflector. 

A  principal  pencil  of  parallel  rays  is  represented  in^^.  289.,  BOX 
being  its  axis ;  and  a  secondary  pencil  of  parallel  rays  is  represented 
mJSg.  290.,  X  o  b'  being  its  axis. 


Fig.  289. 


Fig.  290. 


949.  BeJUdion  of  parallel  rays  hy  spherical  surfaces,  —  Let  ni 
fbat  consider  the  case  of  a  principal  pencil  of  parallel  rays. 

Let  B  T  and  ryfig,  291.,  be  two  rays  of  the  pencil  at  eqnal  dis- 
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Fig.  291. 

tanoes  from  the  axis  box.  Draw  o  b  and  o  r.  These  being  radii 
of  the  reflector,  will  be  perpendicohur  to  its  snr&oe;  and  since  the 
angles  of  reflection  are  eqaal  to  the  angles  of  incidence,  the  reflected 
lays  will  proceed  in  the  direction  B  p,  r  p  making  with  the  lines  o  B 
and  0  r  angles  equal  to  the  angles  of  incidence  o  b  T  and  ory.  But 
it  ifl  evident  Uiat  since  B  T  and  r  y  are  parallel  to  b  x,  the  angles  o  B  T 
and  o  r  jf  are  equal  to  the  angles  bop  and  r  o  P.  From  this  it  fbl- 
bws  that  PB,  p  o,  and  P  r  are  equal  to  each  other. 

Since  the  two  sides  of  a  triangle  taken  together  must  be  greater 
than  its  base,  P  B  and  P  o  taken  together  are  greater  than*the  radins 
o  B  of  the  reflector,  and  consequently  o  P  must  be  greater  than  half 
of  o  B.  If  then  F  be  the  middle  point  of  o  b,  the  point  P  will  be 
between  f  and  b,  and  this  will  be  the  case  at  whatever  point  of  the 
reflector  the  rays  B  y  and  r  y  are  incident 

Now,  if  two  other  parallel  rays  B'  t'  and  r'  y'  be  taken,  in  like 
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manner  equally  distant  from  B  x,  bat  nearer  to  it  than  R  T  and  rw, 
it  can  be  shown  that  they  will  be  reflected  to  a  common  point  in  rae 
axis  o  B  between  p  and  v.  In  the  same  manner,  if  two  other  paiallel 
rays  r"  t"  and  r"  y'i,  still  equally  distant  from  the  axis  B  x,  but  nearer 
to  it  than  R'  t'  and  r'  y,  be  reflected,  they  wiU  converge  to  a  common 
point,  still  nearer  to  the  middle  point  F  of  the  axis  o  B,  but  still  be- 
tween F  and  B ;  in  a  word,  the  nearer  such  rays  are  to  the  axis  B  X, 
the  nearer  will  bo  their  common  point  of  couTergence  after  reflec- 
tion to  the  middle  point  f;  but  however  near  they  may  be  to  BX, 
they  cannot  converge  to  any  point  beyond  F  in  the  direction  of  the 
centre  o. 

It  is  evident,  therefore,  from  these  results,  that  parallel  rays  ind- 
dent  upon  a  spherical  suiface  do  not  after  reflection  converge  to  any 
common  point,  since  each  cylindrical  surface  formed  bv  such  rays  eoa- 
verges  to  a  different  point  upon  the  axis;  nevertheless,  it  appein, 
that  all  these  points  of  convergence  are  included  within  a  snudl  spoee 
P  F  upon  the  axis,  provided  that  the  reflector  have  not  great  extent; 
and  it  is  found,  that  if  the  reflector  do  not  extend  to  more  than  aboat 
5^  or  6°  on  each  side  of  its  vertex,  all  the  parallel  rays  reflected  from 
it  will  converge  so  nearly  to  the  middle  point  F  of  the  radina  o  B  pass- 
ing through  its  vertex,  that,  for  practical  purposes,  the  reflector  may 
be  considered  as  possessing  the  properties  of  a  parabola  already  ex- 
plained, and  the  reflected  rays  may  be  considered  as  vertically  convex 
gent  to  a  common  point.  This  common  point  will  be  F,  the  middle 
point  of  the  radius  o  B,  which  forms  the  axis  of  the  reflector,  and 
which  is  parallel  to  the  incident  rays. 

If  a  secondary  pencil  of  parallel  rays  be  incident  on  the  reflector, 
as  represented  in^^.  292.,  the  focus  to  which  its  rays  will  be  reflected 
will  be  the  middle  point  F  of  the  radius  o  b'^  which  forms  the  second- 
ary axis. 

All  the  reasoning  which  has  been  applied  to  the  principal  pendl, 
Jig.  291.,  will  be  equally  applicable  in  this  case. 
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If  a  Beoondary  pencil  be  inclined  to  the  axis  o  b,  at  an  angle  greater 
ttan  half  the  openine  of  the  reflector,  its  axis  will  not  meet  the  re- 
flecting sarface.  This  case  is  represented  in  Jig.  293.,  where  the  line 
0  F  B'  drawn  through  the  centre  parallel  to  the  cajs  of  the  p>encil  pass 
below  the  limit  0  of  the  reflector.  In  such  a  case,  nevertheless,  the 
focus  of  the  reflected  rajs  is  determined  in  the  same  manner  as  it 
would  be  if  the  reflector  extended  to  b',  and,  accordingly,  the  rajs  re- 
flected from  A  c  will  converge  to  a  focus  at  F,  the  middle  point  of  o  b'. 

950.  Principal  focus  of  spherical  reflector  at  the  middle  point  of 
the  radius, — If,  therefore,  anj  number  of  pencils  of  parallel  rajs, 
principal  and  secondary,  are  incident  upon  the  same  reflector,  theii 
BCTcral  foci  will  lie  at  the  middle  point  of  the  radii  of  the  reflector 
which  coincide  respectivolj  with  their  several  axes ;  and  if  an  infinite 
number  of  such  pencils  fall  at  the  same  time  on  the  reflector,  their 
foci  will  form  a  circular  arc  a  Cjjig.  293.,  whose  centre  is  the  centre 
of  the  reflector  o^  and  whose  radius  is  o  f,  one-half  the  radius  of  the 
reflector. 

951.  Experimental  verification. — All  these  effects  maj  be  experi- 
mentally yerified  bj  means  of  screens,  in  a  manner  similar  in  all 
respects  to  that  which  has  been  alreadj  explained  in  the  case  of  a 
parabolic  refleotor.  Thus  it  can  be  shown,  that  if  the  opening  of  a 
reflector  be  much  greater  than  20^,  parallel  rays  will  not  be  reflected 
converging  to  a  common  point;  and,  on  the  other  hand,  if  a  luminous 
point  h^  pUced  at  V^Jig.  292.,  the  reflected  rays  will  not  be  parallel; 
bat  if  the  opening  do  not  exceed  20^  or  thereabouts,  parallel  rajs 
will  be  sensiblj  convergent  to  the  point  f  after  reflection,  and  rajs 
diverging  from  f  will  be  reflected  in  directions  sensiblj  parallel. 

The  focus  to  which  parallel  rajs  converge  after  reflection  is  called 
the  principal  focus  of  the  reflector. 

It  follows,  therefore,  from  what  has  been  stated,  that  the  piincipal 
focnis  of  a  spherical  reflector  is  the  middle  point  of  that  radius  which 
18  parallel  to  the  incident  rajs ;  and  the  principal  foci  for  secondarj 
pencils  of  parallel  rajs  lie  in  a  spherical  surface  ac^fig,  293.,  whose 
centre  is  the  centre  of  the  reflector,  and  whose  radius  is  half  the 
radius  of  the  reflector. 

952.  Merratian  of  sphericity, — When  the  opening  of  a  spherical 
reflector  exceeds  the  limit  alreadj  stated  of  about  20^,  parallel  raja 
falling  on  that  part  of  its  surface  which  is  more  than  10^  from  its 
vertex  will  be  reflected  sensiblj  distant  from  the  principal  focus,  and 
conscqucntlj  the  entire  pencil  of  rajs  whose  base  is  the  reflector  wil' 
not  have  a  common  point  of  convergence.  Those  which  are  incident 
upon  the  reflector  within  a  distance  of  10°  from  its  vertex  will  con- 
verge sensiblj  to  the  principal  focus ;  but  those  bcjond  that  limit  will 
converge  to  points  more  or  less  distant  from  the  principal  focus, 
according  as  these  points  of  incidence,  more  or  less,  exceed  a  distance 
of  10®  from  the  vertex  of  the  refloct)r. 
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This  departure  from  correct  ooDTergence,  prodaoed  by  the  too  gnat 
magnitude  of  the  reflecting  surfeuse,  is  called  the  aberration  ofs^kri- 
eityf  or  spherical  aberration. 

To  convey  a  more  exact  idea  of  the  form  and  corratare  of  a  spheri- 
cal reflector  which  has  the  eficct  of  effiidng  spherical  aberration,  such 
a  reflector  is  represented  in  jC^.  294.,  where  A  o  is  an  arc  20^  in 
length,  representing  the  vertical  section  of 
the  reflector,  b  being  its  vertex,  o  its  centre, 
and  V  its  principal  focus.     Rays  falling  on 
A  0  parallel  to  o  B  would  be  reflected  sensiblj 
to  the  point  F ;  but  if  the  reflector  were 
greater  in  the  opening,  as,  for  example,  if  it 
extended  to  a'  and  c,  being  20^  on  each 
Fig.  294.  gj Jq  ^£  ^jjg  vertex  b,  then  the  parallel  rap 

Incident  at  its  extreme  points  a'  and  (f  would  be  reflected  to  /,  a 
point  between  r  and  b.  In  such  cases,  the  space/  F  would  be  that 
within  which  all  the  rays  incident  between  A  and  a',  and  between  c 
and  (/,  would  be  collected.  This  space/  F  would  then  be  the  ex- 
tremity of  the  aberration  of  sphericity  due  to  a  reflector  40°  in  magni- 
tude. 

The  spherical  aberration  of  a  secondary  pencil  will  be  greater  than 
that  of  a  principal  pencil ;  for  in  the  case  of  the  secondary  pencil  re- 
presented in  Jig.  293,  the  axis  of  which  is  in  the  direction  of  ob', 
the  a}>crratioD  will  be  the  same  as  if  the  opening  of  the  reflector 
were  twice  the  arc  A  b'  ;  and  in  proportion  as  the  angle  formed  by 
the  axis  of  the  secondary  pencil  O  b'  with  the  axis  of  the  reflector 
o  B  is  increased,  this  cause  of  aberration  will  be  also  increased.  Thus 
in  the  secondary  pencil  represented  in  Jig.  293,  the  Aberration  would 
be  the  same  as  if  the  opc^ning  of  the  reflector  were  twice  the  angle 
AO  b'. 

In  fine,  the  aberration  attending  any  secondary  pencil  will  always 
be  the  same  as  that  which  would  be  produced  with  a  principal  pencil 
by  a  reflector  whose  opening  would  be  equal  to  the  opening  of  the 
proposed  reflector,  added  to  twice  the  angle  formed  by  the  axis  of  the 
reflector  and  the  axis  of  the  secondary  pencil.  Thus,  in  the  case  re- 
presented in  Jig.  293,  the  aberration  of  the  secondary  pencil  is  the 
same  as  would  be  produced  upon  a  principal  pencil  by  a  reflector  hav- 
ing an  opening  equal  to  twice  A  b'. 

953.  Case  of  convex  rejleciors.  —  In  what  precedes,  the  case  of 
concave  reflectors  only  has  been  contemplated.  The  same  conclu- 
sions, however,  will  be  applicable,  with  but  little  qualification,  to  the 
case  of  convex  reflectors. 

Let  such  a  reflector  be  represented  by  AC,^.  295,  a  pencil  of 
rays  parullcl  to  the  axis  B  x  being  incident  upon  it     The  extreme 
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rays  R  T  and  r  y,  equidistant 
from  B  X,  will  bo  reflected 
from  R  and  r,  as  if  thcj  had 
diverged  from  F,  the  middle 
point  of  o  B,  provided  r  and 
r  be  not  more  distant  than 
10°  from  B.  In  the  same 
manner,  the  rays  b'y'  and 
/  y,  and  also  the  rays  r"  y" 
and  r"  y",  and,  in  a  word, 
all  rays  between  the  extreme 
rays  and  the  axis,  will  be  re- 
flected OS   if   they  had  di- 


verged frotn  T.  This  point  r,  beinff  the  middle  point  of  the  radius 
OB,  18  thareforei  as  in  the  case  of  the  concave  reflector,  the  principal 
(beua. 

A  differenoe  is  presented  here  in  the  two  cases,  which  suggests  a 
distinction  to  which  we  shall  often  have  occasion  to  recur  in  other 
instances.  In  the  case  of  the  concave  reflector  represented  in  Jig. 
291,  the  principal  focus  is  a  point  to  which  the  reflected  rays  do 
tetcudly  converge,  and  where,  as  has  been  shown,  the  light  is  eon- 
oentrated.  In  the  case,  however,  of  the  convex  reflector  represented 
in  fig.  295,  the  rays  diverging  from  the  surface  diverge  as  if  they 
had  originally  been  united  at  F.  This  point  F  is,  therefore,  in  such 
case,  not  a  point,  as  in  the  case  of  a  concave  reflector,  where  the  rays 
do  actoally  coalesce,  but  a  point  where  they  would  coalesce  if  they 
had  been  continued  backwards  from  the  points  on  the  surface  of  the 
reflector. 

954.  Foci  real  and  imaginary. — A  focus  like  the  former,  where 
the  rays  do  actually  converge,  is  called  a  real  focus,  and  sometimes  a 
physicad  focus;  whereas  a  focus  like  the  latter,  in  which  the  rays  do 
not  actually  converge,  but  which  merely  forms  the  point  of  conver- 
gence of  their  directions,  is  called  an  imaginary  focus.  In  the  case 
already  explained  of  plane  reflectors,  the  focus  of  reflection  of  a  di- 
vergent pencil  is  an  im<Nginary  focus;  and,  on  the  other  hand,  of  a 
convergent  pencil  is  a  real  or  physical  focus. 

955.  Images  formed  by  concave  reflectors.  —  If  an  object  be 
placed  before  a  concave  reflector  at  so  great  a  distance  from  it  that  all 
pencils  of  rays  passing  from  such  object  would  be  considered  as 
parallel,  an  image  of  such  object  will  bo  formed  at  the  principal 
focus  of  the  reflector;  that  is  to  say,  midway  between  its  centre  and 
its  surfoce. 

Let  A  c,  fig.  296,  be  such  a  reflector,  b  being  its  vertex,  o  its 
centre,  and  f  the  principal  focus.  Let  L  M  be  an  object,  placed  at  so 
great  a  distance  from  the  reflector,  that  the  divergence  of  a  pencil  of 
mjB  pasang  from  any  point  upon  it,  and  having  the  reflector  as  their 
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base,  shall  be  so  small  that  the  rays  may  be  considered  as  practicaUj 
parallel. 

Let  L  o  /  be  the  axis  of  the  secondary  pencil  passing  from  L,  and 
M  o  m  the  axis  of  the  secondary  pencil  passing  from  M,  /  and  m  being 
respectively  the  middle  points  of  the  radii,  and  therefore  the  foci  tc 
which  the  pencils  proceeding  from  L  and  M  respectively  are  collected 
after  reflection.  Images,  therefore,  of  the  points  L  and  M  respectivelj 
will  be  produced  at  I  and  m. 

In  the  same  manner,  the  pencils  proceeding  from  the  several  points 
marked  1,  2,  3,  4,  5,  &c.,  will  converge,  after  reflection,  to  the  cor- 
rcspouding  points  marked  1',  2',  3',  4',  5',  &c.,  which  are  the  middle 
points  of  the  several  radii  which  are  in  the  direction  of  the  axes  of  the 
Bcvcnil  pencils.  At  these  points,  therefore,  images  will  be  formed  of 
the  corresponding  points  in  the  object,  and  the  assemblage  of  these 
images  will  fonu  a  complete  image  of  the  object  in  an  inverted  posi- 
tion, midway  between  the  centre  o  and  the  surface  A  B  c  of  the  re- 
flector. 

It  is  evident  that  the  points  fonning  the  image  m  I  will  lie  in  a  sphe- 
rical surface,  whose  centre  is  o,  and  whose  radius  is  half  the  radius 
of  the  reflector.  If,  therefore,  the  object  be  a  straight  line,  its  image 
will  be  the  arc  of  a  circle ;  and  if  the  object  be  a  plane  surface,  its 
image  will  be  a  spherical  surface. 

In  the  case  represented  in^^.  296.,  the  central  point  of  the  object 
is  placed  in  the  direction  of  the  axis  of  the  reflector,  and  the  central 
point  of  the  image  lies  consequently  also  in  the  axis,  and  the  image 
is  at  right  angles  to  the  axis  of  the  reflector  and  is  bisected  by  it 

It  will  be  explained  hereafter  that  the  apparent  visual  magnitude 
of  an  object  is  detenuined  by  the  angle  formed  by  two  straight  lines 
drawn  from  the  eye  to  the  extremities  of  the  object  Thus  if  the  eye 
were  placed  at  o,  the  centre  of  the  reflector,  the  angle  L  o  M  woidd 
be  the  apparent  magnitude  of  the  object  The  full  import  and  pro- 
priety of  this  term  will  be  explained  more  fully  hereafter,  but  for  the 
present  it  will  be  convenient  to  use  it  in  the  sense  just  explained. 

It  is  evident,  then,  that  the  apparent  magnitude  of  the  object  L  M, 
as  viewed  from  the  centre  of  the  reflector  o,  is  the  same  as  the  appa- 
rent magnitude  of  its  image  I  m  viewed  from  the  same  point,  since 
the  lines  drawn  from  the  limits  of  the  object  and  the  image  intersect 
twih  other  at  the  point  o. 
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It  is  evident  also  that  the  linear 
magnitude  of  the  image  will  be 
just  so  much  less  than  the  linear 
magnitude  of  the  object,  as  one- 
half  the  radius  of  the  reflector  o  9 
IB  less  than  the  distance  of  the  ob- 
ject from  the  centre  o. 

956.  Case  in  which  the  object 
U  not  placed  on  the  axis  of  the  re- 
Jlector.  —  The  case  in  wliich  the 
axis  of  the  reflector  is  not  directed 
to  the  centre  of  the  object  is  repre- 
Fig.  297.  gented  in^.  297. 

[lis  case  the  image  of  the  object  L  M  is  produced  at  Z  m,  be« 
the  axes  of  the  secondary  pencils,  proceeding  from  the  extre- 
»f  the  object  L  M,  and  at  the  middle  points  of  the  radii  which 
»  with  the  axes. 

le  case  of  a  convex  reflector,  let  L  M^jig.  298.,  be  the  object, 
as  before^  at  such  a  distance  that  each  pencil  of  rays  proceed- 


Fig.  298. 

Q  a  point  in  the  object  to  the  reflector  may  be  considered  as 
Let  L  o  and  mo  be  the  axes  of  the  pencils  proceeding  from 
reme  points  of  the  object  After  reflection,  the  rays  of  these 
will  diverge  as  if  they  had  proceeded  from  the  points  /,  m  re- 
ly, which  are  the  middle  points  of  the  radius  of  the  reflector; 
refore,  if  such  rays  were  received  by  the  eye  of  an  observer, 
mid  produce  the  same  eflect  on  vision  as  if  they  had  proceeded 
kc  points  /,  m,*and  consequently  the  points  L  M  of  the  object 
.ppear  as  if  they  were  placed  at  I,  m.  In  the  same  manner,  it 
shown  that  the  intermediate  points  1,  2,  8,  4,  5  of  the  object 
lear  as  if  they  were  at  the  intermediate  points  1,  2,  8, 4,  5  of 
i,  which  are  in  the  direction  of  their  respective  pencils.  Thus  an 
icted  to  the  reflector,  receiving  the  rays  of  the  reflected  pencils, 
the  object  as  if  it  were  on  a  spherical  surface,  of  which  the 
B  Oy  and  of  which  the  radius  is  one-half  the  radius  of  the 


mige  Zm  in  this  case,  though  not  formed  by  the  real  interscH^ 
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lin  of  tiie  nji  of  lig^  is  not  tiie  kn  preseni  to  viiioii.    flie  m 

mooiTW  the  nji  ezaotly  at  il  would  raoeive  them  if  they  had  aotaaUy 

diiciged  horn  the  pcrinti  ^  1,  2,  8|  4,  6,  m,  and  oonaeqiMBtly  tlio 

aftot  on  visum  ia  the  aame  aa  if  •  leal  image  <k  the  objeet  were  pkoed 

•l/ak 

.    It  ia  evident  firam  the  figoiei  thai  in  this  eaae  the  image  ia  ereet^ 

and  not  invertedi  aa  in  the  caae  of  the  eonoave  roileetor. 

All  that  ia  aaid,  however,  of  the  relative  magnitodea  of  the  imaaa 
jmd  object  in  the  ease  of  the  ooncave  reflector,  will  be  equally  appli- 
cable hure.  ThoBy  to  an  e^  phwed  at  o,  the  apparent  mmiitade  of 
the  objeet  l  m,  and  of  its  image  Zm,  will  be  the  aame;  and  the  real 
linear  magnitude  of  the  image  will  be  jnat  so  much  leaa  than  that  of 
the  object,  aa  one-half  the  radina  of  tfa^  reflector  ia  leaa  than  the  dis- 
tance of  die  object 

957.  Evperiwuenial  verificatian  rf  tkae  prituipleM, — The  pheno- 
mena which  have  been  jnat  explained  in  the  caae  of  the  refleetum  of 
very  distant  objects  prodooed  by  concave  and  convex  reflectors,  may 
easdy  be  verificMi  experimentally. 

If  a  concave  reflector  bo  directed  towards  the  sun  or  moon,  an 
image  of  either  of  those  objects  will  be  found  at  its  priDcipal  focus, 
and  such  image  may  bo  rendered  apparent  by  holding  at  its  principal 
focus,  and  at  right  angles  to  the  radius  directed  to  the  object,  a  smal] 
semi-transparent  screen,  which  may  be  formed  of  ground  glass  oi 
oiled  paper. 

A  small  image  will  be  seen  upon  the  screen,  the  diameter  of  whid 
will  bear  the  same  proportion  to  the  real  diameter  of  the  sun  or  moon 
aa  half  the  radius  of  the  reflector  bears  to  the  distance  of  one  or  othe 
of  these  objects. 

The  effects  of  a  convex  reflector  can  be  still  more  easily  made  man: 
fest  When  a  convex  reflector  is  presented  to  any  distant  objectt 
their  images  will  be  seen  in  it,  and  will  appear  as  if  they  were  behin 
the  reflector. 

They  will  be  less  in  magnitude  than  the  objects  in  the  proportio 
in  which  half  the  radius  of  the  reflector  is  less  than  the  distance  c 
the  objects,  and  they  will  appear  as  if  they  were  painted  on  a  sphei 
cal  suHace,  having  its  centre  at  the  centra  of  the  reflector,  and  havii 
half  the  reflector  for  its  radius. 

958.  Geometrical  principles  an  which  the  explanation  of  the  phen 
mena  depends. — Before  proceeding  to  explain  the  efiects  produced  1 
spherical  reflectors  on  diverging  and  converging  pencils,  it  will 
convenient  here  briefly  to  state  some  principles  derived  from  geon 
try,  to  which  it  will  be  necessary  frequently  to  recur  in  expUmati' 
of  the  effects  produced  on  pencils  of  rays  by  spherical  sur&oes 
which  they  are  incident,  whether  these  surfaces  belong  to  opaq 
iKxlies  or  transparent  media. 

The  magnitude  of  ai^^^  ia  easily  explained  by  8ta^x^  the  dfipi 
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ports  of  degrees  of  which  they  consist.  It  may  also  be  often 
e  conTeniently  expressed  by  stating  the  ratio  which  the  are  which 
kmnds  them  bears  to  the  radius.  Thus  an  angle  b  a  c^Jig,  299., 
will  be  perfectly  defined  if  the  ratio  which  the  arc  B  o  bears  to  its. 
ndius  A  B  be  stated.  Any  other  angle,  such  Bshacj  the  arc  of  which 
k  c  bean  the  same  ratio  to  the  radius  b  a,  will  necessarily  have  the 
wme  magnitude.  This  principle  may  be  rendered  still  clearer,  if, 
with  A  as  a  centre,  several  arcs,  such  as  b'  (/,  b"  c",  b"'  o"',  &c.  be 
drawn  subtending  some  angle  a.  It  is  demonstrated  in  geometry, 
and  made  evident  from  the  figure,  that  the  arcs  b'  cf,  b''  (t,  b'''  cf", 
bear  respectively  the  same  ratio  to  their  radii  A  b',  A  nf',  A  b"',  as  the 
no  b  c  beara  to  its  radius  A  B. 

Oa  this  principle,  the  magnitude  of  an  angle  may  with  great 
convenience  be  expressed  by  a  fraction,  whose  numerator  is  its  arc, 
■ad  whose  denominator  is  its  radius.     Thus  the  angle  AjJSg.  299., 

,  ,,B0       b'o'b"c'' 

■my  be  expressed  by—,  or  :^, o'jttj,  *o- 

If  the  angles  be  very  small,  perpendiculars  drawn  from  the  extre- 
Biity  of  either  side,  including  them  upon  the  other,  may  be  considered 


•■<=^ 


Fig.  299. 

■fl  equal  to  the  arc.  Thus,  in  Jig.  299.,  the  perpendiculars  B  m  and 
O  m^  may  be  regarded  as  equal  to  the  arc  B  c,  provided  the  angle  A 
do  not  exceed  a  few  degrees. 

In  the  case  of  such  angles,  therefore,  their  magnitude  may  be  easily 
expressed  by  a  fraction  whose  numerator  is  the  perpendicular,  and 
whose  denominator  is  the  radius. 

Thus  the  angle  A,  being  small,  will  be  expressed  by  —  or  by 
cm'  ®^ 


RBFLSCTION  OF  DIVXROENT  AND   CONVEBaENT  BATS  BT   SPHERI- 
CAL SURFACES. 

959.   Concave  reflectors.  —  Let  I,  Jig.  300.,  be  the  focus  of  a  diverg- 
ing pencil  of  rays,  incident  upon  a  concave  reflector  A  B  c,  the  point 
I  being  supposed  to  be  upon  the  axis  of  the  reflector.     Draw  I  A 
and  1 0,  lepresentins  the  extreme  rays  of  the  pencil.    Draw  o  A  and 
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UQBT. 

0  Oy  the  ndii,  to  the  poinii 
of  iooidenee.  The  uirifli 
o  A  I  ttld  o  0  I  will  &II 
be  the  angles  of  inddeDee; 
and  these  will  evidently  be 
eqoaly  beeanae  the  three 
aidea  of  the  two  trian|^ 
axe  leapeotivelj  equal. 

To  find  the  duection  of 
the  xeapeetrre  rajBy  it  wonJd 
be  onlj  neoeaaarj  to  draw  firam  ▲  and  o  lines  which  make  with  A  o 
and  0  o  angles  equal  to  the  angles  of  inddenee. 

Let  these  lines  be  ARaod  or.  The  two  raja  xa  and  lowill 
therefore  be  refleeted  oonTerging,  and  will  meet  at  r. 

By  the  prindples  of  geometry,*  the  angle  o  A  R  of  refleotion  ii 
eqnal  to  the  difference  between  the  aneles  A  R  B  and  A  o  B,  and  the 
angle  o  A I  of  inddenee  ia  equal  to  the  SfEerenoe  between  the  an|^ 
A  o  B  and  A I B. 

Now,  let /express  the  distance  IB  of  the  focus  of  incident  rayr 
from  the  vertex,  and/'  the  distance  B  B  of  the  focus  of  reflected  rayi 
from  the  same  point,  and  let  r  express  the  radios  o  B  of  the  sur&oe 
We  bhall  then  have,  according  to  what  has  been  explained, — 


AB 
OAI= 

r 

AB 

AB 

AB 

r"' 

But  since  the  two 

angles  are  equal, 

we  shall  have 

AB       AB 

AB       AB 

r         f- 

'-T~'^- 

Omitting  the  common  numerator  A  b,  we  shall  then  have 

1       1 

1    1 

r-/  = 

'-f~r; 

and  consequently 

we  shall  have 

1      1 

2      .  ^ 

7+/= 

-..(A). 

The  same  formula  is  applicable  to  rays  incident  at  every  point  1 
tween  A  or  c  and  the  vertex  B ;  so  that  rays  reflected  from  all  so 
points  will  converge  to  a  common  point  on  the  axis,  whoso  distai 
from  B  will  be  determined  by  the  value  of/',  found  by  the  precedi 
formula. 


^  Euclid,  Book  1.  Prop.  33. 
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The  foimala  (a)  is  of  tbe  utmost  importance,  and  may  be  both 
understood  and  remembered  with  the  greatest  facility.  * 

It  may  be  expressed  in  common  language  as  follows  : — 

If  the  fractions,  whose  numerator  is  1,  and  whose  denominators 
are  the  numbers  expressing  the  distances  of  the  foci  of  incident  and 
reflected  rays  from  the  vertex,  be  added  together,  their  sum  will  be 
equal  to  a  fraction,  whose  numerator  is  2,  and  whose  denominator  is 
the  radius  of  the  reflecting  surface. 

960.  Rule  to  determine  the  conjugate  foci  in  concave  spherical 
reflectors,  — By  this  formula  (a)  the  position  of  the  focus  of  reflected 
rays  can  always  be  found  when  that  of  the  incident  rays  is  known. 
W6  have  only  to  subtract  the  fraction  whose  numerator  is  1,  and 
whoso  denominator  is  the  distance  of  the  focus  of  incident  rays  from 

the  vertex,  that  is  to  say,  the  fraction  7  from  the  fraction  whose  nu- 
merator b  2,  and  whose  denominator  is  the  nidins,  and  the  remain  dor 
will  be  equal  to  a  fraction  whose  numerator  is  1 ,  and  whose  denomi- 
nator is  the  distance  of  the  focus  of  reflected  rays  from  the  vertex. 
It  ifl  evident  that  by  a  like  process  the  focus  of  incident  niys  can  be 
found  whenever  the  focus  of  reflected  rays  is  known. 

Since  the  two  fractions  ^  and  7,  added  together  always  produce  the 

same  sum,  it  follows  that  whatever  circumstances  increase  one  must 
diminish  the  other ;  and  hence  it  follows  that  the  more  distant  the 
focus  of  incident  rays  i  is  from  the  reflector,  the  nearer  the  focus  of 
reflected  rays  R  will  be  to  it,  and  vice  versa ;  because  as  1 B  increases, 
B  B  must  diminish,  and  vice  vcrsuj  as  hns  been  just  explained. 

If  the  focus  I  were  removed  to  an  infinite  distance,  then  the  frac- 
tion ^  would  be  infinitely  small,  and  consequently  the  other  fraction  -^ 

•^0  -^ 

would  be  equal  to  -,  and  consequently /'  would  be  equal  to  }r;  that 

is  to  fiay,  the  focus  of  reflected  rays  would  then  be  coincident  with  the 
principal  focus,  which  is  only  what  might  have  been  anticipated,  be- 
cause if  the  focus  of  incident  rays  i  be  removed  to  an  infinite  distance, 
the  pencil  of  incident  rays  having  the  reflector  for  its  base  must  be 
parallel. 

Bat  in  order  to  produce  this  effect,  it  is  not  necessary  that  the  focus 
of  the  pencil  of  incident  rays  should  be  either  infinitely  or  even  very 
conaderablj  distant.  Let  us  suppose  that  the  distance  i  d,  which  is 
here  expr^sed  by/,  is  only  one  hundred  times  the  length  of  the 
radios  of  the  reflector,  and  let  half  the  radius,  or  the  distance  of  the 
principal  focus  from  the  vertex,  bo  expressed  by  f.  Then  we  shall 
have 

/=  200  p. 

E  GIQ 


bO 


LIGHT. 


Consequently  we  ahall  haye 


and  thereforu 


and  therefore 


1 


>  + 

1 
200»  ~ 

1 

1' 

1 

1 

199 

r 

200  f" 

~200s' 

•^^    199  '"^■**199^'^ 

that  is  to  say,  the  distance  of  the  focus  of  reflected  rajs  from  the  ver- 
tex will  exceed  the  distance  of  the  principal  focus  by  the  199 tb  part 
of  half  the  radius,  or  nearly  the  400th  part  of  the  radius  of  the  re- 
fleotor,  an  insignificant  quantity. 

It  follows,  therefore,  that  whenever  the  distance  of  an  object  from 
the  reflector  is  not  less  than  100  times  its  radius,  all  pencils  proceed- 
ing from  it  may  be  regarded  as  parallel,  and  therefore  as  coincident 
with  the  principal  focus  of  the  reflector. 

It  follows  also  from  the  preceding  formula,  that  when  the  focus  of 
incident  rays  is  beyond  the  centre,  the  conjugate  focus  of  reflected 
rays  will  be  between  the  centre  and  the  principal  focus;  and  that 
when  the  focus  of  incident  rays  is  between  the  centre  and  the  princi- 
pal focus,  the  conjugate  focus  of  reflected  rays  will  be  beyond  the 
centre. 

In  the  preceding  cases,  wo  have  supposed  the  focus  of  incident  rays 
to  be  situate  at  some  point  beyond  the  principal  focus  of  the  reflector. 

Let  us  now  consider  the  case  in  which  the  focus  of  incident  rays  i, 
Jig.  oOl.,  is  placed  between  the  principal  focus  F  and  the  vertex. 


Let  I A  and  i  c,  as  before,  bo  the  two  extreme  rays  of  the  pencil 
and  draw  the  radii  A  o  and  c  o.  To  flud  the  direction  of  the  reflcctec 
rays,  it  is  only  necessary  to  draw  from  A  and  C  two  lines,  which  shal 
make  with  o  A  and  o  c  angles  equal  to  those  which  A I  and  C  i  maki 
with  them.  Let  this  direction  be  A  x  and  c  x'.  It  follows,  therefore 
that  in  this  case  the  reflected  rays  will  diverge  instead  of  converging 
9s  ID  the  former  case,  and  that  their  pomt  of  divergence  will  be  at  b 
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upon  the  axis  behind  the  reflector ;  consequently  the  focus  will  be  an 
ims^narj  focus. 

By  geometrical  principles  already  referred  to/  the  angle  of  in- 
cidence I  A  o  is  equal  to  the  difference  between  the  angles  a  i  b  and 
A  0  B,  and  the  angle  of  reflection  x  a  o  is  equal  to  the  sum  of  the 
angles  abb  and  A  o  B ;  and  since  the  angles  formed  by  o  a,  i  A,  and 
R  A  with  the  axis  o  B  are  so  small  as  to  come  within  the  scope  of  the 
principles  already  expressed,  wo  shall  have 

AB      ab 

IAO  =  -p- 

/         ^ 

AB       AB 
XAO=yr  +  — , 

where ^ and/'  express,  as  in  the  former  case,  the  distances  of  the 
iod  of  incidence  and  reflection  respectively  from  the  vertex  b. 
We  shall  therefore  have 

AB AB__AB       AB 

and  omitting  the  common  numerator  A  b,  tro  shall  have 

112        ,  , 
J.— ,=7-.(B), 

a  formula  which   is  identical  with  fonnula  (a),  p.  48.,  only  that 

-^  in  it  is  negative,  wbich  indicates  that  the  focus  of  reflected  rays  is 

imaginary  and  behind  the  reflector. 

In   the  formula  (b)   it   is  not  the   sum   of  the    two   fractions 

1      '    1  .  2 

-Ts  and  7,  bnt  their  difference,  which  is  eriual  to  -. 

f        /  .  *■ 

Analogous  results,  however,  follow  from  this  formula,  which  may 

be  expressed  in  common  language  as  follows : — 

When  the  focus  of  rays  incident  upon  a  concave  reflector  is  placed 
between  its  principal  focus  and  the  vertex,  the  difference  between  tbe 
fraction  whose  numerator  is  1  and  whose  denominator  is  the  distance 
of  the  focus  of  incident  rays  from  the  vertex,  and  the  fraction  whoso 
numerator  is  1  and  whose  denominator  is  the  distance  of  the  focus  of 
reflected  rays  from  the  vertex,  will  be  equal  to  the  fraction  whose  nume- 
rator is  2  and  whose  denominator  is  the  radius  of  the  reflecting  surface. 

Since  the  difference  between  these  two  fractions  is  always  the  same, 
howeTcr  they  may  separately  vary,  it  follows,  that  when  one  increases, 
the  other  must  increase  to  the  same  extent.  Hence  it  follows,  thai 
fwaoAf  increase  and  diminish  together;  and  therefore  it  also  follows, 
that  as  the  focus  of  incident  rays  i  approaches  the  vertex  b,  the  focus 

^  Euclid,  Book  1.  Prop.  32. 
44  ♦  521 


n  UQHT. 

cf  niaetod  njs  B  miui  also  approadi  H;  and  as  tbe  fceua  of  iaddmit 
nja  I  reoedea  from  the  yertex,  the  fiwoa  of  lefleotad  nja  B  moat  abo 
Z606de  firom  it. 

When  the  fiwoa  of  inddent  n^  I  anivea  at  the  prindpal  fbcoa  r, 
the  fiwoa  of  rdlected  nys  b  reoedea  to  an  infinite  diatance. 

961.  Case  of  amoerging  incidetU  raff  9. — ^If  nya  fidl  on  the  relleo- 
to  oonver^ng  to  a  point  B  behind  it,  &ey  will  be  refleoted  oonverg- 
inff  to  the  point  i.  In  thia  oaae,  the  foena  of  incident  Taya  being 
behind  the  reflector  will  be  imaginary,  and  the  fbcoa  of  reflected  nya 
being  before  it  will  be  real.  The  relative  poeitiona  of  the  two  feci, 
however,  will  be  determined  in  the  aame  manner  exactly  aa  if  i  were 
the  focna  of  inddenoe,  and  B  the  focna  of  reflection.  It  may  be  nse- 
fbl  to  obeerve  in  general|  that  the  oonjngate  fed  are  in  all  cases  inter- 
changeable. 

If  the  fbcoa  of  jnddence  become  the  fbcoa  of  reflection,  the  fbcoa 
of  reflection  will  beocxne  the  focna  of  inddenoe,  and  vice  rerid. 

062.  Omotx  rejleetoTi. — The  efiiecta  attending  diverging  or  con- 
yerging  rays  incident  upon  convex  reflectors,  are  in  all  respects  analo- 
gous to  those  which  have  been  just  established  respecting  concave 
reflectors. 

It  is  only  necessary  to  observe,  that  converging  rays  upon  a  convex 
reflector  are  analogous  to  diverging  rays  upon  a  concave  reflector;  and 
diverging  rays  upon  a  convex  reflector  are  analogous  to  converging 
rays  upon  a  concave  reflector. 

Thus,  if  AC,  Jig,  300.,  instead  of  representing  a  concave,  represent 
a  convex  reflector,  and  a  pencil  of  rays  be  supposed  to  be  incident 
upon  it,  which  if  not  intercepted  would  converge  upon  the  point  r, 
those  rays  after  reflection  will  diverge  from  the  point  B.  The  conju- 
gate foci  will  be  in  this  case  precisely  similar,  and  determined  by  simi- 
&r  conditions  as  in  the  former  case,  except  that  the  incident  rays  are 
convergent,  while  the  reflected  rays  are  divergent,  the  contrary  being 
the  case  in  a  concave  reflector. 

In  like  manner,  if  the  reflector  A  c,Jig.  301.,  be  a  convex  instead 
of  a  concave  reflector,  a  pencil  of  rays  incident  upon  it,  which  if  not 
intercepted  would  converge  to  i,  will  be  reflected  converging  to  r.  In 
this  case,  the  focus  of  incident  rays  will  be  imaginary,  and  the  focus 
of  reflected  rays  real,  contrary  to  what  was  shown  for  a  concave  reflec- 
tor; but  the  relative  position  of  the  two  fod  will  be  determined  as 
before. 

Images  of  near  oltjeets  formed  hy  spherical  rtflcciors. — ^The  man- 
ner has  been  explained  in  which  images  are  formed  by  spherical  re- 
flectors of  objects  whose  distance  is  so  great  that  the  pencils  of  rays 
proceeding  from  them  may  be  considered  as  consisting  of  parallel 
rays.  It  is  in  this  and  like  cases  important,  that  the  student  should 
not  confound  the  directions  of  the  pencils  themselves  with  the  direc- 
tioDB  of  the  rays  which  form  them.     Thus,  the  pendla  of  rays  pro- 
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oeediDg  from  points  upon  the  snr&ce  of  the  sun  or  moon  are  pencils 
of  parallel  rajs,  because  the  distance  of  the  foci  of  such  pencils  from 
the  observer  is  incomparably  great  compared  with  any  surface  which 
can  form  the  base  of  the  pencil.  Thus^  the  surface  of  the  largest 
reflector  is  as  nothing  compared  with  the  distance  of  any  point  in  the 
sun ;  and  consequently,  the  rays  which  form  a  pencil,  whose  vertex  is 
a  point  in  the  sun,  and  whose  base  is  the  surface  of  such  a  reflector, 
may  be  practically  considered  as  parallel ;  but  this  parallelism  must 
not  be  applied  to  the  direction  of  the  pencils  themselves  which  pro- 
ceed from  different  points  in  the  sun.  The  directions  of  these  pen- 
cils, or,  to  speak  strictly,  those  of  their  respective  axes,  are  not 
parallel,  the  axes  of  the  extreme  pencils  forming  an  angle  with  each 
other  equal  to  the  apparent  diameter  of  the  sun ;  and  the  same  ob- 
servations would  be  applicable  to  any  other  object  whose  distance  is 
BO  great  that  a  pencil  of  rays  proceeding  from  it  may  be  regarded  as 
parallel. 

These  observations  being  premised,  we  shall  now  explain  the  man- 
ner in  which  images  are  formed  by  spherical  reflectors  of  objects 
which  are  not  so  distant  that  the  rays  of  the  pencils  proceeding  from 
pdnts  in  them  can  be  regarded  as  parallel. 

Let  A^Cyfig.  302.,  M  a  concave  reflector,  whose  centre  is  o,  and 
whose  vertex  b  B.     Let  l  M  be  an  object,  whose  form  we  shall  for 


Fig.  302. 

the  present  assume  to  be  that  of  an  arc  of  a  circle  whose  centre  is  o. 
Let  ii  il  and  M  m'  bo  the  axes  of  the  extreme  secondary  pencils  pro- 
ceeding from  this  object,  and  let  /  and  m  be  the  foci  of  reflection  con« 
jugate  to  the  points  L  and  M.  An  image  of  the  point  L  will  be 
formed  at  /,  and  an  image  of  the  point  m  will  be  formed  at  m,  and 
images  of  all  the  intermediate  points  between  l  and  m  will  be  form- 
ed at  intermediate  points  of  an  arc  drawn  from  /  to  m,  having  o  as  a 
centre. 

Sinco  the  lowest  point  of  the  image  corresponds  to  the  highest 
point  of  the  object,  and  vice  versd,  the  imago  will  in  this  case  be  in- 
verted with  respect  to  the  object,  and  the  linear  magnitude  of  the 
image  will  bear  to  that  of  the  object  the  same  proportion  as  o  /  bears 

tOOL. 

These  results  follow  in  the  same  manner  as  in  the  case  of  the 
images  of  distant  objects  already  explained. 

k2  M'i 
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The  disteaee  o  Z  is  determined  when  OL  la  known  hy  the  fonnnltt 
(a)  and  (b)|  p.  48.  and  p.  51. ;  that  is  to  sav,  the  jwaition  and  magni- 
tude of  the  image  will  be  detennined  when  the  position  and  magnitade 
of  the  object  are  known. 

In  this  caae,  the  object  L  M  has  been  aappoeed  to  have  the  form  of 
a  oiroDlar  are,  and  its  image  to  have  a  similar  form.  If  the  object 
Ibnn  part  of  a  spherical  sur&ce  whose  centre  is  o,  the  image  would 
have  a  like  form ;  but  if  the  object  were  a  straight  line  or  flat  sor^ 
hodf  then  the  image  would  be  more  or  less  cnrvM,  and  would  conse- 
•nently  be  distorted.  But  asy  in  general|  the  aogle  0|  under  which 
tne  object  or  image  would  be  seen  from  the  centre,  is  small,  tius 
eunrature  may  be  disrecarded|  and  we  may  assume  that  the  image 
will  be  similar  to  the  object. 

063.  Spherical  dberraiion  of  refleclon,  —  The  pencils  of  rays 
proceeding  from  or  to  the  incident  focus  will  be  reflected  to  a  common 
pmnty  only  on  the  condition  that  the  opening  cf  the  reflector  is 
limited,  as  was  explained  in  the  case  of  paralld  rays.  If  it  be  not 
so  limited,  then  the  extreme  rays  of  the  pencil  will  converge  to  points 
sensibly  different  from  those  which  are  within  such  limit  of  distance 
of  the  vertex  already  defined,  and  hence  will  arise  a  spherical  aber- 
ration. 

If  even  the  reflector  be  sufficiently  limited  in  its  opening,  a  sensible 
spherical  aberration  will  arise  from  the  secondary  pencils  which  pro- 
ceed from  the  borders  of  the  object,  and  are  inclined  at  the  greatest 
angles  to  the  axis  of  the  refle^r,  for  in  this  case  the  angle  of  di- 
vergence of  such  pencils  will,  as  has  been  already  explained ,  exceed 
that  limit  which  would  efface  the  spherical  aberration.  Uence  it 
arises  that  images  produced  by  spherical  reflectors  when  the  objects 
are  too  great,  are  indistinct  towjids  the  borders,  the  pencils  which 
form  each  part  of  the  image  not  being  brought  to  the  same  focus,  and 
consequently  producing  a  confused  effect. 

964.  Case  in  which  the  object  is  placed  between  tJie  principal 
focus  and  the  reflector,  —  In  what  precedes,  the  position  of  the  object 

before  a  concave  reflector 
has  been  considered  as  be- 
ing cither  beyond  the  cen- 
tre or  between  the  centre 
and  the  principal  focus  F. 
Let  us  now  consider  the 
position  of  the  object  to  be 
at  L  M,  fg.  303.,  between 
the  principal  focus  F  and 


Fig.  303. 


the  reflector.     In  this  case  the  image  I  m  will  be  behind  the  reflector 
at  the  points  which  form  the  foci  conjugate  to  the  several  points  of 
the  object  l  m. 
The  uDBge  will  in  this  case  evidently  be  ereet  with  reM)ect  to  the 
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objeet^  and  will  be  greater  in  magnitude  than  the  object  in  the  pro- 
portion of  o  2  to  o  i«. 

If  the  reflector  be  convex,  the  object  l  m,  jig.  304.,  will  have  its 
image  at  the  points  /,  m,  which  are  the  foci  conjugate  to  the  points  at 
L  M,  and  those  points  will,  according  to  what  has  been  already  ex* 
pbined,  lie  between  the  reflector  and  the  principal  focus  F. 


Fig.  304. 

The  rajs  proceeding  from  the  several  points  of  the  object  L  M  will, 
after  reflection,  diveree  as  if  they  had  proceeded  from  the  correspond- 
ing points  of  /  m,  and  will  produce  upon  the  vision  the  same  effects  as 
if  an  object  had  been  actually  placed  at  /  m. 

The  image  in  this  case,  therefore,  will  be  erect,  and  it  will  be  less 
than  the  object  in  the  proportion  of  o  /  to  o  L.  In  this  manner  is 
explained  the  effect  familiar  to  every  one,  that  convex  reflectors  ex- 
hibit a  diminished  picture  of  the  object  placed  before  them. 

All  the  preceding  observations  on  the  effect  of  spherical  aberration, 
and  the  indistinctness  incident  to  the  borders  of  the  image^  will  be 
equally  applicable  in  the  present  case. 

965.  Cau  in  which  the  object  is  not  placed  in  the  axis  of  the  re- 
fUctor.  —  In  the  preceding  example,  the  object  has  been  supposed  to 
be  placed  so  that  its  centre  coincides  with  the  axis  of  the  reflector. 
The  ima^,  however,  is  determined  on  like  principles,  whatever  other 
position  it  may  have. 

Thus,  let  L  M,  fg,  305.,  be  the  object,  a  b  c  being  the  reflector, 

O  its  centre,  and  F  its  principal 
focus.  From  the  extremities  of 
the  object  draw  lines  L  o  and  M  o 
through  the  centre  o  of  the  re- 
flector to  meet  the  continuation 
of  the  section  of  the  reflector  at 
P  and  Q.  Let  I  be  the  focus  con- 
jugate to  L,  and  m  the  focus  con- 
jugate to  M,  determined  accora- 
ing  to  the  principles  and  formu- 
lae already  established.  Images, 
therefore,  of  the  points  L  and  M 
will  be  formed  at  /  m,  ana  images 
of  all  the  intermediate  points  of 
the  object  will  in  like  manner  be  formed  between  /  and  m,  so  that  an 
mVerted  image  of  the  object  will  be  formed  at  I  m.  525 
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In  lOn  miniMr,  if  die  objaolbe  plioadat  li^iAi  imigieirill  be 
Ibnned  at  I*  M. 

960.  EixpermaUal  verifieaHom. — All  the  pnwediiig  ramlte  may 
be  verified  experimentally  by  means  analogoiui  to  those  already  es- 
phined.  Thua,  if  the  flame  of  a  candle  be  placed  at  L  M,  /^.  802., 
oataide  the  centre  of  a  concave  reflector,  and  a  amall  aemi-transpareDt 
•oreen,  sach  as  a  piece  of  groond  glaas  or  oiled  paper,  be  held  at  /  m, 
an  inverted  image  of  the  candle  will  be  seen  npon  it;  and,  on  the 
other  hand,  if  the  candle  be  placed  at  2  m,  and  the  screen  held  at  l  m, 
the  image  will  be  aoain  seen.  If  any  object,  snch  as  one's  hand,  be 
presented  between  me  principal  focus  r  and  a  concave  reflector,  as  at 
I»M,  fg.  303.,  a  magnified  image  of  the  hand  will  be  seen  at  /  m. 

Amusing  optical  deceptions  are  often  exhibited  with  concave  reflec- 
tors founded  on  this  principle.  Thus,  a  hand  presenting  a  dagger  is 
hdd  between  o  and  r^Jlg.  802.,  when  immediately  a  magnified  image 
cf  the  hand  and  da^r  is  presented  outwards  at  LBf. 

If  a  candle  be  h^  at  l  m,^.  805.,  opposite  the  upper  edge  of  a 
concave  reflector,  an  inverted  image  of  the  candle  may  be  exhibited  on 
a  screen  at  /  m,  opposite  the  lower  edge. 

967.  Cylindrical  and  conical  reflectors.  —  A  cylindrical  surface 
b  circular  in  one  direction,  and  rectilinear  in  the  other,  these  direc- 
tions being  at  right  angles  to  each  other.  A  sheet  of  paper,  or  a 
plate  of  metal  bent  into  the  form  of  a  circle,  will  be  a  cylindrical  surface. 

It  may  be  polished  either  on  the  concave  or  convex  side,  thus  pre- 
senting the  varieties  of  a  concave  or  convex  cylindrical  reflector. 

If  a  cylindrical  reflector  be  placed  vertically  before  an  object,  its 
effects  upon  the  vertical  dimensions  will  be  the  same  as  those  of  a 
plane  reflector,  and  its  effects  upon  the  horizontal  dimensions  the 
same  as  those  of  a  spherical  reflector.  An  image,  therefore,  will  be 
presented,  which  will  be  identical  in  form  with  the  object  in  all  its 
vertical  dimensions,  but  enlarged,  diminished,  or  reversed  in  its  hori- 
lontal  dimensions  in  the  same  manner  as  it  would  be  in  a  spherical 
reflector. 

If  a  cylindrical  reflector  be  placed  with  its  axis  horizontal  before  a 
vertical  object,  it  will  have  the  same  effect  as  a  plane  reflector  on  the 
horizontal  dimensions,  and  as  a  spherical  reflector  on  the  vertical  di- 
mensions. 

The  horizontal  dimensions,  therefore,  will  be  preserved  in  the 
image,  while  the  vertical  dimensions  will  be  enlarged,  diminished,  or 
reversed,  in  the  same  manner  as  would  be  the  case  with  a  spherical 
reflector. 

A  conical  reflector,  whether  concave  or  convex,  is  circular  in  all 
sections  made  at  right  angles  to  its  axis,  and  rectilinear  in  all  sections 
made  by  planes  through  its  axis.  It  will  therefore,  if  placed  with  its 
axis  vertical,  have  the  effect  of  an  inclined  plane  reflector  on  the 
fBiihal  dimensions  of  an  object,  and  will  have  the  effiact  of  a  spheii- 
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nl  reflector  on  the  horiiontal  cJimenaions ;  but  each  horiKontal  section 
will  be  differently  magnified  or  diminished,  according  to  the  position 
of  soch  section  with  reference  to  the  axis  of  the  cone,  since  the  cir- 
colar  section  of  the  cone  will  diminish  in  approaching  the  axis,  and 
increase  in  receding  from  it  An  infinite  variety  of  amusing  decep- 
tions are  thns  produced. 


CHAP.  VI. 

BEFLECTION  FROM   IMPERFECTLY  POLISnED   SURFACES. 

968.  A  perfectly  rejecting  surface  would  be  invisible.  —  If  the 
Borfiice  of  an  opaque  body  were  perfectly  polished,  and  capable  of 
reflecting  regularly  all  the  light  incident  upon  it,  such  surface  would 
itself  be  invisible. 

The  images  of  all  objects  placed  before  it  would  appear  in  the  posi- 
tion and  with  the  form  and  magnitude  determined  iu  the  last  chapter; 
and  mn  observer  receiving  the  reflected  light  would  perceive  nothing 
bat  such  images. 

Thus,  a  plane  reflector  of  that  kind  placed  vertically  against  the 
wall  of  a  room,  would  appear  to  the  eye  merely  as  an  opening  leading 
into  another  room,  precisely  similar  and  similarly  fumiiihed  ana 
illuminated;  and  an  observer  would  only  be  prevented  from  attempt- 
ing to  walk  through  such  an  opening  by  encountering  his  own  image 
•s  tie  would  approach  it 

909.  Ab  5ucA  surfaces  exist  —  But  such  a  reflector  as  this  has 
no  practical  existence,  for  there  is  no  surface  natural  or  artificial 
possessing  the  power  of  reflecting  all  the  light  incident  upon  it  regu- 
larly. The  absence  of  complete  polish  is  one  of  the  principal  causes 
of  this. 

970.  How  the  surfaces  of  reflectors  are  rendered  visible.  —  The 
ooDsequence  is,  that  even  the  most  polished  surfaces  reflect  a  certain 
portion  of  the  light  incident  upon  them  irregularly ;  that  is  to  say, 
the  material  points,  the  assemblage  of  which  forms  such  surfaces, 
becoming  separately  illuminated  form  so  many  radiant  points,  from 
which  pencils  of  light  diverge,  and  render  such  surfaces  visible  exact- 
ly in  the  same  manner,  though  much  more  faintly  than  is  the  case 
with  unpolished  surfaces.  The  quantity  of  light  which  is  thus  irrcgu 
larly  reflected,  and  which  therefore  renders  the  reflecting  surface 
itself  more  or  less  visible,  diminishes  in  the  same  proportion  as  the 
perfection  of  the  polish  of  the  surface  increases. 

The  most  perfectly  polished  surfaces,  which  serve  as  reflectors,  are 
certain  alloys  of  metal  known  as  speculum  metal.     These  are  osed 
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971.  Bm  UtjM  imcidaa  m^  oMf  f^^aqw  mtrfm»  — 

Wbea  Ki^  wDbi  thenlbfe  on  any  imperfiMslly  pdlUhed  and  oraqoe 
forAne,  it  ii  dispoMd  of  in  three  wmye.  1®.  A  pari  b  Rjpilarly  le- 
lerted,  and  forms  the  optical  imaoe  A  the  olgeei  froai  wludk  it  pro- 


jqnentlyyndtrefleotecL    The  iniallflr  the  proportion  of  the  li^taoljeet 
)  the  two  katmentioned  eflfeotSi  the  more  pmeot  will  be  the  reflector. 


A  part  iairrmlariyieieoted,  and  renders  the  80^^     the 
reAeetor  perceivable.    8^.^  part  la  absorbed  by  the  aorfiwe,  and,  eon- 
aaqoentlyyi 
tothetwo 

The  ooantity  of  light  regjolariy  reflected  by  a  ^Ten  anfiwe  also 
varies  with  tho  angle  of  incidence.  When  the  ai^  of  incidence  is 
Bothingi  and  conseqoently  the  li^^t  fidls  perpendienlariy  on  anch  a 
awfiney  a  leas  mopcortion  of  it  ia  regolarly  reflect 
>  mrtion  irregnkriy  reflected  and  diaorbedi  than  when  tb  an^  of 
fcddence  hM  some  magnitode:  and,  oonseqnaitlyy  the  Udit  iUls 
more  or  lees  obliqnely ;  and  in  genersli  as  the  an^  of  inoioBnce  in- 
ereaaes,  the  qoantity  of  light  reflected  regularly  u  angmcnted,  and, 
conse(|aeDtly,  the  quantities  reflected  irregularly  and  absorbed  are 
dimiDished. 

The  following  is  given  by  Bongner  as  the  proportion  of  the  light 
regularly  reflected  from  different  reflecting  sur&oes,  at  different  angles 
of  incidence : — 

972.  TahU  showing  the  proportum  of  light  incident  an  reflecting 
surfaces  which  are  regularly  reflected  at  different  angles  of  iitci- 
deice. 


SsMlM  of  Inflecting  SnrfiioB. 
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denoe. 
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In  the  preceding  tabic,  tbo  light  is  understood  to  pass  from  air  to 
the  Bcveral  media  indicated  in  the  first  column.  The  law  by  which 
the  quantity  of  light  regularly  reflected  varies  according  to  the  density 
or  other  physical  qualities  of  the  media,  has  not  been  ascertained. 

It  is  however  certain,  that  it  depends  upon  the  qualities  of  the 
medium  from  which  the  light  passes^  as  well  as  those  of  the  medium 
into  which  it  passes. 

973.  Effect  of  angle  of  incidence  on  the  quantity  of  light  regu 
larly  reflected.  —  The  angle  of  incidence  has  often  so  much  efFec  i 
npoD  the  quantity  of  light  regularly  reflected,  that  it  will  sometimes 
happen  that  a  surface  which  reflects  no  light  regularly  when  the 
tngle  of  incidence  is  nothing,  reflects  a  considerable  quantity  when 
Buch  angle  has  much  magnitude.  ThuS;  a  surface  of  unpolished  glass 
produces  no  image  of  an  object  by  reflection  when  the  rays  fall  on  it 
nearly  perpendicularly ;  but  if  the  flame  of  a  candle  be  held  in  such 
a  position  that  the  rays  fall  upon  the  surface  at  a  very  small  angle,  a 
distinct  image  of  it  will  be  seen.  Similar  phenomena  will  be  observed 
with  surfaces  of  wood,  of  common  woven  stuff,  and  of  paper  blackened 
by  smoke. 

974.  How  light  incident  on  the  surface  of  a  transparent  body  it 
disposed  of.  —  When  light  is  incident  upon  the  surface  of  a  transpa- 
rent body,  such  as  glass  or  water,  it  is  disposed  of  as  follows :  —  1®. 
A  part  is  regularly  reflected,  and  produces  an  optical  image  of  the 
object  from  which  the  light  proceeds.  2^.  A  part  is  irre^iilarly  re- 
flected, and  renders  the  surface  visible.  3^.  A  part  is  absorbed,  and, 
CQDseanently,  neither  reflected  nor  transmitted.  4^.  A  part  is  trans- 
mitted through  the  transparent  medium. 

If  liffht  be  incident  upon  the  surface  of  a  transparent  medium 
boandea  by  parallel  tmrhoes,  such  as  a  flat  plate  of  glass,  all  the  dr- 
enmstances  above  mentioned  will  take  place  both  at  its  entrance  at  the 
one  sar&ce  and  its  escape  from  the  other.  Light  will  be  reflected 
r^alarly  and  irregularly  at  both  surfaces ;  light  will  be  absorbed  at 
both,  and  light  wiU  be  transmitted  from  both.  The  quantity  of  light, 
therefore,  transmitted  in  such  a  case  from  the  second  surface  will  be 
less  than  the  quantity  of  light  incident  upon  the  first  surface  by  the 
snm  of  all  the  light  regularly  and  irregularly  reflected  from  the  first 
surface,  and  all  the  light  regularly  and  irregularly  reflected  from  the 
second  surface,  and  all  the  light  al^orbed  at  both  surfaces  in  its  transit 
through  the  medium. 

975.  How  light  is  affected  in  passing  through  the  atmospJiere.  — 
Even  when  the  transparent  medium  consists  of  the  same  substances,' 
these  effects  take  place  if  the  substance  composing  it  varies  in  density. 
The  successive  strata  of  the  atmosphere  present  an  cxampie  of  this. 

It  has  been  already  explained  that  in  ascending  in  the  atmosphere 
the  succeeding  strata  of  air  gradually  diminish  in  density.     The  light^ 
therefore,  of  the  sun  and  other  celestial  bodies  in  passing  through  the 
45  529 
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atmospliere  is  transmitted  througb  a  Bucccssion  of  strata  of  increasing 
denntVy  and  is  subject  consequently  to  all  the  effects  just  ezplaiDed. 
Light' is  gradually  absorbed  and  reflected  bj  the  successive  strata  of 
air  tbrouffb  which  it  passes,  and  consequently  the  direct  solar  light 
which  amvcs  at  the  surface  of  the  earth  is  less  in  quantity  consider- 
ably than  the  light  originally  incident  upon  the  superior  surface  of  the 
atmosphere.  A  portion,  howovcri  of  the  light  irregularly  reflected 
from  the  successiYO  strata  of  the  atmosphere  arrives  at  the  earth  from 
these  strata,  as  has  been  already  explained,  in  the  same  manner  as 
light  is  received  from  the  surface  of  any  opaque  illuminated  bodv. 
A  portion,  however,  of  the  light  which  entera  the  air  is  absolutely 
absorbed  by  it,  and,  as  has  been  already  stated,  a  certain  depth  might 
be  assigned  to  the  atmosphere,  which  would  completely  intercept  the 
solar  light  It  is  calculated  that  seven  feet  thickness  of  water  is  8uf« 
fident  to  intercept  one-half  of  the  light  transmitted  through  it 

976.  Blackened  glasi  rejleclars,  —  A  reflecting  sur&ce  convenient 
Ibr  certain  optical  purposes  b  produced  by  blackening  one  side  of  a 
plate  of  glass.  By  this  means  the  light  transmitted  through  the 
plate  is  absorbed  by  the  blackened  surface  on  the  other  side,  and  light 
IS  prevented  from  being  transmitted  from  the  opposite  side  by  the 
opaque  coating;  consequently,  the  only  light  regularly  reflected  in  this 
case  will  be  that  which  is  reflected  from  the  superior  surface. 

977.  Effect  of  a  common  looking-glass  explained.  —  The  effects 
of  a  common  looking-glass  are  produced  by  the  reflection  of  the  me- 
tallic surface  attached  to  the  back  of  the  glass,  and  not  by  the  glass 
itself.  The  effect  may  be  explained  as  follows  :  —  A  portion  of  the 
light  incident  upon  the  anterior  surface  is  regularly  reflected,  and  an- 
oUicr  portion  irregularly.  The  former  produces  an  image  of  the  ob- 
ject placed  before  tlie  glass  visible  in  it ;  the  other  renders  the  sur&ce 
of  the  glass  itself  visible.  Another  and  much  greater  portion,  how- 
ever, of  the  light  incident  upon  the  anterior  si^ace  penetrates  t-he 
plate,  and  arrives  at  the  posterior  surface.  This  surface,  coated  with 
an  amalgam  produced  by  the  combination  of  tinfoil  and  quicksilver, 
has  an  intense  metallic  lustre,  and  possesses  therefore  strong  reflecting 
power.  The  chief  part  of  the  light,  therefore,  which  passes  through 
the  plate  of  glass  is  regularly  reflected  by  this  metallic  surface,  and 
returning  to  the  eye,  produces  a  strong  image  of  the  objects  placed 
before  the  glass.  There  are,  therefore,  strictly  speaking,  two  such 
images  formed :  first,  a  faint  one  by  the  light  reflected  regularly  from 
the  anterior  surface ;  and,  secondly,  a  vivid  one  by  the  light  reflected 
regularly  from  the  metallic  surface.  One  of  these  images  will  be  be- 
fore the  other,  at  a  distance  equal  to  twice  the  thickness  of  the  glass. 

In  good  mirrors  which  are  well  silvered,  the  superior  brilliancy  of 
the  image  produced  by  the  metallic  surface  will  render  the  faint  image 
produced  by  the  anterior  surface  of  the  glass  invisible ;  but  in  glasses 
Mdly  silvered;  the  two  images  may  be  easily  seen. 

^0 
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978.  Refraction  rf  light  explained,  —  When  a  ray  of  light,  after 
paasing  through  a  transparent  medium,  enters  another  of  a  different 
deni»it  jy  or  poeaessing  other  physical  properties,  it  will  change  its  di- 
rectioD  at  the  point  which  separates  the  two  media,  and  consequently 
the  direction  it  follows  in  the  second  medium  will  form  a  certain  angle 
with  that  which  it  has  followed  in  the  first  medium.  The  ray  is 
as  it  were  broken  at  the  common  surface  of  the  two  media,  which  has 
cauiied  this  phenomenon  to  be  called  refraction. 
Let  A  B,  ^.  306.,  be  the  surface  which  separates  the  two  media. 

Let  I  be  the  point  at  which  a  ray 
EI  is  incident,  and  let  i  R  be  the 
course  which  this  ray  takes  after  en- 
tering the  second  medium.  Let 
N I  N'  be  a  perpendicular  to  the  sur- 
— S  face  AB,  drawn  through  the  point 
of  incidence  i.  A  B  is  called  the 
refracting  surface^  E  i  N  is  called 
the  angle  of  incidence,  and  R  i  n'  is 
called  the  angle  of  refraction. 

979.  Law  of  refraction.  —  The 
following  law  of  refraction  has  been 
established  by  experiment :  — 
L  The  angles  of  refraction  and  incidence  are  in  the  same  plane 
penendicolar  to  the  refracting  surface. 

U.  The  sine  of  the  angle  of  incidence  has  to  the  sine  of  the  angle 
of  refraction  always  the  same  ratio  for  the  same  medium. 

It  will  appear  hereafter  that,  under  certain  circumstances,  a  single 
lay  of  liffht  entering  a  refracting  medium  will  be  divided  into  sevenl, 
which  fiulow  different  directions ;  but  for  the  present  we  shall  limit 
oar  obwnrations  to  such  light  only  as  after  refraction  follows  a  single 
direction.     To  such  light  me  above  kw  is  strictly  applicable. 

To  explain  the  pre<^ing  law  more  fully,  and  to  indicate  the  man- 
ner of  verifying  it  by  experiment,  let  A  M  B  be  a  piece  of  gkss,  hav- 
ing the  form  of  a  semi-cylinder,  as  represented  in  fg.  307.  Let  o 
be  the  centre,  and  A  b  the  diameter  of  the  semi-cylinder.  Let  the 
semicirele  A  o  b  be  imagined  to  bo  drawn  on  a  vertical  card,  so  as 
to  complete  the  oirolc.  Let  o  c  M  be  the  diameter  perpendicular  to 
A  B,  and  let  the  surfiuse  a  b  be  covered  with  an  opaque  card,  with  a 
imall  hole  to  admit  light  at  c. 

If  the  flame  of  a  candle,  or  any  other  brieht  object,  bo  held  at  o, 
it  will  be  Tinble  to  an  eye  placed  at  m.    It  follows,  therefore,  that  a 
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iiT  of  K^t  stnktDg  fb«  refncdsg  sarfm^e  in  &  directicm  perpeEidiculir 
to"it,  rach  fts  o  c,  will  suffor  do  change  of  direction  after  it  eiit^^Tfl  it^ 
Imt  will  proceed  in  the  ame  strwgbt  line  c  m  &«  it  Mroold  bave  done 
if  it  bid  pissed  through  no  refrttcting  medium.  Let  tbe  Inminoos 
point  be  now  tnnsferred  to  f,  and  let  tbe  line  i  N  be  drawn  perpen- 
dicular to  c  o.  Tbis  line  i  N  is  tbe  nne  of  the  angle  of  inddenoe 
I  c  a  Let  tbe  eve  be  now  mored  along  the  arc  M  A  fixmi  m  towards 
Af  until  it  see  tbe  luminous  point  I. 

Let  R  be  tbe  place  at  wbich  tbe  luminous  point  tbns  becomes 
risible,  c  R  will  then  be  tbe  direction  of  tbe  refracted  ray.  Draw 
R  F  perpendicular  to  c  M .  Tbis  line  R  P  will  be  tbe  sine  of  tbe  angle 
of  rdraction  R  c  M. 

Now  if  I N  and  rp  be  respectively  measured,  it  will  be  found  that 
R  F  is  exactly  two-tbirds  of  i  n.  Therefore,  in  tlus  case,  the  nne  of 
the  angle  of  incidence  will  be  to  tbe  sine  of  tbe  angle  of  lefiractioii  as 
3  to  :2,  that  is  to  say,  we  shall  bare 

I  N_  3 

liot  the  luminous  point  be  now  moved  to  i',  and  let  the  eye  be 
moved  towards  a  until  it  see  it.  Let  r'  be  the  point  at  which  it  be- 
comes visible;  c  R'  will  then  be  the  refracted  ray,  i' o  bc^  the  in- 
cident ray. 

Draw  I'  n'  peipendioular  to  o  o,  and  r'  f*  peipendieiilar  to  0  V ; 
f*  M'  will  then  be  the  sine  of  the  angle  of  inddenoe,  and  R'  P^  will  be 
Ike  iloa  cf  Um  Vkf^  oCivfriieUjtmrif  these  two  lines  be  imectiTdj 
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Measured,  it  will  be  found  that  r'  p'  will  be  two-thirds  of  l'  n';  so 
that  we  shall  have,  as  before; 

B'p'~2' 

In  the  same  maimer,  if  the  luminous  point  be  moved  to  any  other 
iKnDt,  such  as  l",  and  the  eye  be  moved  towards  A  until  it  see  it,  the 
hues  i"  o  and  o  b"  will  be  the  incident  and  refracted  rays,  i"  n"  and 
9!*  p"  will  be  sines  of  the  aneles  of  incidence  and  refraction  respective- 
ly ;  and  we  shall  find;  as  before;  by  measurement;  that 

i^  N'^  _  3 
e"p""'2' 

Thus,  in  general;  in  whatever  manner  the  position  of  the  luminous 
point  may  be  viewed,  it  will  always  be  found  that  the  sine  of  the 
angle  of  incidence  will  be  to  the  sine  of  the  angle  of  refraction  as  3 
to  2;  that  is  to  say,  in  one  constant  ratio. 

In  thb  case;  the  incident  ray  is  supposed  to  pass  through  air;  and 
the  refracted  ray  through  glass.  If  the  semi-cylinder  A  M  b,  instead 
of  glass,  be  water;  then  the  ratio  of  the  sine  of  the  angle  of  incidence 
to  Uie  sine  of  the  angle  of  refraction  will  be  4  to  3;  so  that  we  shall 
bave 


IN 

4 
'3' 

I'M* 

4 
=  8' 

1"  h" 

4 

B"r" 

-3' 

and  SO  cm. 

Thus  eaeh  transparent  medium  has  its  own  particular  refractins 
power;  but  for  the  same  transparent  medium  the  ratio  of  the  sines  of 
the  angles  of  inddenoe  and  refraction  is  always  the  same. 

980.  bid€Z  of  refraction,  —  The  number  which  thus  expresses 
the  ratio  of  the  sine  of  the  angle  of  incidence  to  the  sine  of  the  angle 
of  refraction;  and  which  in  the  case  of  air  and  glass  is  }  or  1*5,  and 
in  the  case  of  air  and  water  is  f  or  1*333,  is  called  the  index  of 
refraeiion. 

From  what  has  been  stated,  it  is  evident  that  each  transparent 
medium  will  have  its  own  index  of  refraction;  which  constitutes  one 
of  its  most  important  physical  properties. 

981.  Case  of  light  passing  from  denser  into  rarer  medium.  — 
If  the  luminous  point,  instead  of  being  moved  along  the  arc  o  B,  oe 
moved  along  the  arc  M  A;  and  the  eye  be  transferred  to  the  arc 
0  B,  then  tM  incident  ray  will  pass  through  the  denser  mediom,  and 
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fhe  refrfteted  nj  througb  the  rarer  mediom.  In  this  case  it  will  1m 
firand  that  the  direction  of  the  inddent  and  refracted  raTs,  described 
in  the  former  case,  will  be  interchanged.  Thos,  if  the  luminons 
jKunt  be  applied  at  h,  it  will  be  Tisible  at  o,  showing  that  a  ray  of 
fight  incident  perpendicularlv  on  the  aorfiuse  of  a  nrer  medium,  will 
suffer  no  change  in  its  direction.  If  the  Inminoos  point  be  placed  at 
«B,  a  will  be  visible  at  i,  showing  that  if  E  o  bo  the  incident  ray,  o  z 
will  be  the  refracted  ray;  and  in  the  same  manner,  if  the  Inminoos 
point  be  placed  at  a'  and  R^  it  will  be  visible  at  i'  and  i". 

082.  Vireetums  rf  incident  and  refracted  raift  inierchangeable. 
^-  Hence  it  follows,  that  if  a  ray  of  ught  passing  from  one  trans- 
jMoent  medium  into  another  transparent  medium  be  refracted  in  a 
particular  direction,  a  ray  of  light  passing  firtnn  the  latter  into  the 
fevmsr  in  the  direotimi  in  which  it  was  refracted,  will,  after  entering 
die  fbnner,  follow  the  direction  in  which  the  former  ray  was  incident; 
or  in  genenJ  it  may  be  stated  that  the  direction  of  the  incident  and 
refracted  rays  passing  between  the  media  are  interchangeable. 

988.  Indicee  of  refraction  between  two  media  in  contrary  direc- 
tione  reciprocalt.  —  It  follows  from  this  that  the  indices  of  refraction 
between  the  media  are  reciprocals ;  that  is  to  say,  if  the  index  of 
refracdon  from  air  into  glass  be  f ,  the  index  of  refraction  from  glass 
into  air  will  be  I ;  the  latter  number  being  what  is  called  in  arithme- 
tic the  reciprocal  of  the  former.  In  the  same  manner,  the  index  of 
refraction  from  air  into  water  being  4,  the  index  of  refraction  from 
water  into  air  will  be  }. 

It  appears  in  the  two  oases  which  have  been  stated  of  water  and 
glass,  that  when  a  ray  passes  from  air  into  either  of  these  media  it 
will  be  bent  towards  the  perpendicular ;  and  that,  on  the  other  hand, 
when  it  passes  out  of  either  of  these  media  into  air,  it  will  be  bent 
from  the  perpendicular.  This  will  be  evident  by  reference  to  fo.  807. 
The  rays  l  0,  l'  c,  i''  c  entering  water  or  glass  are  bent  in  the  direc- 
tions c  R,  0  R',  c  r"  towards  the  perpendicular  c  M ;  and,  on  the  other 
hand,  the  rays  R  c,  r'  c,  r"  c,  passing  from  glass  or  water  into  air, 
are  bent  in  the  directions  0 1,  0  i',  c  f  from  the  perpendicular  c  o. 

984.  Rays  not  always  bent  towards  perpendicular  in  entering  & 
denser  medium.  — This  result  beinff  too  hastily  generalized,  is  some- 
times announced  as  follows:  —  When  a  ray  of  light  passes  from  a 
rarer  into  a  denser  medium,  it  is  bent  towards  the  perpendicular,  and 
from  a  denser  into  a  rarer  frt)m  the  perpendicular,  which  is  by  no 
means  generally  true. 

Such  a  proposition  is  based  upon  the  supposition  that  the  refract- 
ing power  always  increases  with  the  density ;  whereas  numerous  in- 
stances will  be  produced  in  which  media  of  greater  density  have  t 
less  refracting  power. 

985.  Index  of  refraction  increases  with  the  refractiw  power.  ^ 
The  rdlncting  power  is  ^xas^  V^  ^«  ^sA<a.  ^  xtm^aon,  om 
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medium  being  said  to  have  a  greater  or  less  refracting  power,  accord- 
ing as  its  index  of  refraction  is  greater  or  less  tliun  that  of  the  other. 
Thus,  glass  is  said  to  have  a  greater  refracting  power  than  water, 
because  its  index  of  refraction  being  1*50^  is  greater  than  the  index 
of  refraction  of  water,  which  is  1-33. 

The  propriety  of  this  test  of  the  refracting  power  will  be  easily 
understood.  If  the  index  of  refraction  of  one  medium  be  greater 
than  that  of  another,  the  angle  of  refraction  which  corresponds  to  a 
given  angle  of  incidence  will  be  smaller  in  the  former  than  in  the 
hitter;  and  consequently,  the  same  incident  ray  would  be  bent  more 
out  of  its  course  in  the  one  case  than  in  the  other,  that  is  to  say,  it 
would  be  more  refracted. 

986.  But  not  in  proportion  to  it. — Although,  however,  the  refract- 
ing power  of  a  transparent  medium  increases  with  every  increase  of 
its  index  of  refraction,  this  power  does  not  increase  in  proportion  to 
such  index,  but  in  proportion  to  a  number  found  by  subtracting  1 
from  the  square  of  the  index.  Thus,  in  the  c:Lse  of  glass,  where  the 
index  of  refraction  is  |,  its  square  is  },  from  which  1  being  subtracted 
leaves  f ,  which  represents  the  refracting  power.  In  the  same  man- 
ner, the  index  of  water  being  J,  its  square  is  '^«,  from  which  1  being 
sabtracted  leaves  J,  which  represents  the  refracting  power  of  water; 
or,  in  general,  if  n  be  the  index,  n^  —  1  will  represent  the  refracting 
power. 

The  principle  upon  which  this  number  n* —  1  is  shown  to  be  pro- 
portional to  the  refracting  power,  does  not  admit  of  an  explanation 
safficiently  elementary  for  this  work.  We  must  tlierefore  adopt  it  as 
a  datum  without  demonstration. 

In  the  following  table  are  given  the  indices  of  refraction  of  those 
transparent  substances  which  are  of  most  usual  occurrence. 

987.    Table  of  the  indices  of  refraction  for  light  passing  from  a 
vacuum  into  various  media. 

SOLIDS  AND  LIQUIDS. 

Chromate  of  lead  (maximum) 2*974 

"  (minimum) 2-500 

Salphur,  natire 2-115 

Carbonate  of  lead  (maximum) 2-084 

"  (minimum) 1-813 

Felfpar  (Spinelli) 1-764 

Cbryaoberyl 1-760 

NitrAte  of  lead 1-758 

Carboni&ie  of  strontia  (maximum) 1-700 

*'  (minimum) 1-543 

Boracite 1-701 

Aragonite  (ordinary*  refraction) 1-693 

••  (extraordinary*  refraction) 1-585 

and  ntnoTdinuj  nfmellatx  w\\\  ht  w\>A»\u«A  Vn  Cb%:^  TIWW. 
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CSttanow  ipftrrordiiimrT  refirMtion) - 1*654 

^  (•ztimordiiiAiTrefrftOtiMi)^ - -  1*48S^ 

Sdphiito  ofbuTte ^ 1-M7 

**  foraiiuury  rvfrMtioB)*.* •■•••••••  aw******* ••••«••••  ••«••••••  1*620 

^  (ttxtnoHiiiaiyTCfrMtiMi)^....^...............^.........  1'686 

Colmirien  io|Mii m....  1-610 

Tq|»m  of  BrtiU  (•xtnordiiuurj  xefirMition) 1-640 

'<  (ordinary  reflnMtioii) ^ ....- 1-688 

JUhjdiito  (extraordinary  refraotion) 1-628 

••        (ordinary  refraetioa)..  •. 1*677 

JMIaat  (oztraoidinary  refraotioa).... ~ 1-668 

««       (ordinanr  refraetion) 1-648 

lUnt-glaM  (maximum) 1-606 

••         (minimom). • «•••«.•••• 1-676 

Qaarti  (ordinary  refraetlon) • 1-648 

<«     (extraordinaiy  MhMtion) ;. 1-668 

Chown-i^aaa  fmaximnm) • - «. 1-584 

••  (minimum)  ...••••.•.•••••.•.•••.•••.••... ..•••.••••••. ••...  1-525 

gnlplialt  of  Udm. ^ 1*525 

BaUpoIro  (nitrate  of  potassa)  (maximum) 1-514 

**  (minimnm) 1-885 

Sulphate  of  potassa. ; 1*609 

"  1-496 

Sulphate  of  ammonia  and  magnesia 1*488 

CaiiMmate  of  potassa. 1*482 

Spermaceti,  melted 1-446 

iklbumen. 1-860 

Bther 1*868 

Aqueous  humour  of  eye 1*837 

Vitreous  do 1*889 

Xxtemal  ooating  of  the  orystalline 1*877 

Middle  ooating  do 1*879 

Central  ooating  do 1*899 

Sntire  crystalline 1-884 

Water 1886 

loe 1-810 

Vacuum 1000 

GASES. 

Atmospheric  air 1000,294 

Oxygen. 1-000,272 

Hydrogen. 1-000,188 

Nitrogen 1000,800 

Ammonia 1*000,885 

(Carbonic  acid 1*000,449 

Chlorine 1*000,772 

Hydrochloric  acid 1*000,449 

Nitrous  oxide I*000,6a3 

Nitrous  gas 1000,803 

Carbonic  oxide 1*000,840 

Cyanogen 1*000,884 

Olefiantgas 1-000.678 

Light  carburetted  hydrogen 1*0(X),448 

Muriatie  ether  (yapour) 1*001,095 

Ifydrao/ajuc  acid. «*....  1-000,451 
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Chloro-Cftrbonio  acid  (phosgene  gas) 1-001,109 

Solphurons  acid 1000,005 

Sulphuretted  hydrogen 1000,044 

Sulphuric  ether  (vapour) 1001,580 

Vapour  of  sulphuret  of  carbon 1-001,500 

Protophusphuret  of  hydrogen 1000,780 

988.  Haw  to  find  the  index  of  refraction  from  one  medium  to  an- 
other.—  The  indices  of  refraction  given  in  the  preceding  table  relate 
to  rajs  of  light  passing  from  a  vacuum  into  the  several  media  indi- 
cated. If  it  be  required  to  find  the  index  of  refraction  for  a  ray 
passing  from  one  medium  to  another,  it  is  only  necessary  to  divide 
the  index  of  the  medium  into  which  the  ray  is  supposed  to  pass  by 
the  index  of  the  medium  from  which  it  passes,  and  the  quotient  will 
be  the  required  index.  Thus,  if  it  be  desired  to  determine  the  index 
of  refraction  for  a  ray  passing  from  atmospheric  air  into  any  medium 
indicated  in  the  table,  it  will  be  only  necessary  to  divide  the  index  of 
the  medium  whose  relative  index  is  required  by  1  000,294,  the  index 
of  refraction  of  atmospheric  air. 

989.  Course  of  a  ray  passing  through  a  succrssion  of  media  with 
parallel  surfaces.  —  It  follows  from  this,  that  if  a  ray  pass  from  any 
medium  snccessively  through  several  transparent  media  with  parallel 
Borfaccs,  its  course  in  the  last  of  the  series  will  be  the  same  as  it 
would  be  if  it  had  been  incident  directly  on  the  surface  of  the  last 
without  having  passed  through  the  precedl'^g  media.  This  is  easily 
proved  :  for  let  i  be  the  angle  of  incidence  upon  the  surface  of  the 
first  medium,  and  r  the  angle  of  refraction.  This  aigle  R  will  be 
the  angle  of  incidence  on  the  second  medium,  in  which  the  angle  of 
refraction  is  r'.  This  angle  of  refraction  r'  will  be  the  angle  of  inci- 
dence on  the  surface  of  the  third  medium,  in  which  the  angle  of  rc- 
finction  is  r". 

If  n  be  the  index  of  refraction  of  the  original  medium  through 
which  the  ray  passes,  and  nf,  n",  and  n'"  be  the  indices  of  refraction 
of  the  three  successive  media  by  which  it  is  refracted,  then  the  index 

of  refraction  from  the  ori^nal  medium  into  the  first  will  be  —  and 

oonsequcntly  we  shall  have 

sin.  I       n'  ^ 
^  sin.  r  ~  n  ' 

and  in  like  manner  we  shall  have 

sin.  R  _  n"  sin.  r'  ___  n'" 

sin.  r'  ""  n' '  sin.R"  ""  ^* 

Bj  multiplying  all  these  together  we  shall  have 

sin.  I  ^  w'" 
5nrR^""n"' 
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vliibb  11  tlia  index  of  refraetion  fiom  the  ori|piiil  mefiam  thioogh 
wluoh  the  raj  passed  to  the  last  medium  bj  which  it  has  been  le* 
fkaetod.    The  angle  of  lefinotion,  therefore,  ir,  in  this  latter  me^ 
woidd  be  the  same  if  the  original  raj  had  been  direotly  incident  upon 
it  with  ^  same  angle  of  ineidenoe. 

990.  Ji  ray  kao'mg  jfossed  ikrfmgk  several  paraUd  mrfaet$j 
emerges  parallel  to  Us  tiieideiiee.  •*  It  ftUows  from  this,  that  if  a 
laj  3  hAtf  ettm  passing  thioogh  sereral  saooessiYe  media  separated 
bj  paralM  sor&oes,  pass  finalljr  into  the  medium  from  which  it  was 
origmalk  incident^  it  will  issiie  in  a  direction  parallel  to  the  ori^nal 
iw.  Inns,  in  the  ]^receding  example,  if  the  original  raj  of  li^ht, 
afler  pasmng  sncoessiTel^  throogh  the  three  medis,  issue  again  into 
iha  medium  throudi  which  it  originally  passed,  its  JUxeetion  will  be 
parallel  to  its  origmal  direction;  for,  according  to  what  has  been 
already  proved,  its  course,  afler  passin j^  through  the  three  media  and 
Ml  the  fourth,  will  be  the  same  as  if  it  jpassed  c&ectly  from  the  first 
medium  into  the  fourth;  but  in  this  case  the  first  medium  bdng  the 
same  as  the  fourth,  the  ray  would  not  be  deflected  from  its  coarse. 
It  must  therefore,  after  passing  through  the  parallel  media,  preserve 
its  original  direction. 

991.  Why  objects  are  distinclly  seen  through  window  glass, — It 
is  for  this  reason  that  plates  of  giass  with  parallel  surfaces,  such  as 
window  glass,  produce  no  distortion  in  the  objects  seen  through  them ; 
the  rays  from  such  objects,  after  passing  through  the  glass,  preserve 
their  orignal  direction. 

992.  The  angle  of  refraction  in  passing  from  a  rarer  into  a  denser 
medium  has  a  limii  of  magnitude  which  it  cannot  exceed.  —  The  law 
of  refraction  which  has  been  just  explained  and  illustrated  is  attended 
with  some  remarkable  consequences  in  the  transmission  of  light  through 
media  of  different  refracting  powers. 

Let  AB,^^.  308.,  represent,  as  before,  the  surfiskce  which  separates 
a  medium  of  air  a  o  b  from  a  medium  of  glsss  A  m  b.  According  to 
what  has  been  already  explained,  any  incident  ray,  such  as  i  c,  will 
be  deflected  towards  the  perpendicular  c  m,  so  that  its  angle  of  re- 
fraction shall  have  a  sine  equal  to  two-thirds  of  that  of  its  angle  of 
incidence.  Now,  let  us  suppose  the  angle  of  incidence  gradually  to 
increase,  so  as  to  approach  to  a  right  angle.  It  is  evident  that  the 
sine  of  the  angle  of  incidence  I  n  will  also  gradually  increase  until  it 
approach  to  equality  with  the  radius  c  B.  This  will  be  evident  on  in« 
roecting  the  diagram,  in  which  i'  n',  i"  n",  i"'  n"',  &c.  are  the  sines  of 
the  successive  angles  of  incidence;  and  if  we  suppose  the  direction  of 
the  incident  ray  to  approximate  as  closely  as  possible  to  that  of  the 
line  B  c,  the  sine  of  Uie  angle  of  incidence  will  approach  as  close  as 
possible  to  the  magnitude  of  B  o. 

Now,  let  us  consider  what  corresponding  change  the  angles  of  re- 
tcaotion  wiR  sdkx.    Their  sines  «ill  be  respectiTOy,  in  the  case  of 


Fig.  308. 

glass  here  supposed,  two-thirds  of  the  sines  of  the  angles  of  incidence ; 
thus  the  sine  B  p  of  the  angle  of  refraction  corresponding  to  I  G  will 
be  two-thirds  of  i  n  ;  the  sine  r'  p^  of  the  angle  of  rcmiction  cor- 
responding to  l'  c  will  he  two-thirds  of  i'  n'  ;  the  sine  r''  j/'  of  the 
angle  of  refraction  corresponding  to  i"  c  will  he  two-thirds  of  i"  n"  ; 
and  80  on.  When  the  incident  ray  approaches  to  coincidence  with 
BC,  th^  sine  of  the  angle  of  incidence  will  approach  to  equality  with 
B  Cy  and  consequently  the  sine  of  the  angle  of  refraction  will  he  equal 
to  two-thirds  of  b  o.  If,  therefore,  it  were  possible  that  a  ray  passing 
directly  from  b  to  o  could  enter  the  glass  at  o,  such  ray  would  have 
An  mnde  of  refraction  whose  sine  would  be  two-thirds  of  the  radius 
B  C.  Now,  if  we  draw  o  r""  to  such  a  point  that  the  sine  of  the 
angle  of  refraction  r''"  p^'"  shall  be  two-thirds  of  the  radius  b  c,  it 
is  evident  that  all  the  incident  rays  whose  directions  lie  between  o  o 
and  bc  will  be  refracted  in  directions  lyine  between  or""  and  c  m. 

In  like  manner  it  may  be  shown,  that  all  incident  rays  whose  direc- 
tions lie  between  o  o  and  A  o  will  be  also  included  after  refraction  be- 
ween  the  lines  C  M  and  o  r^'",  corresponding  in  position  to  c  r"''. 

Thns  it  appears  that  rays  of  light  converging  from  all  directions 
lO  the  point  c,  will  be  after  refraction  included  within  a  cone  whose 
anfflei8B""Cf^". 

Hence  follows  the  remarkable  consequence,  that  light  entering  the 
glass  at  c,  from  whatever  direction  it  may  proceed,  will  bc  totally  ex- 
cluded from  the  space  A  c  r''''  and  b  g  r^"\  all  such  light  being  in- 
dudedy  as  has  been  observed,  vrithin  the  cone  whose  angle  is  r""  c  r'"'. 

'^^D.  Ejcperimental  verifieaiion  of  this.  —  This  may  be  verified 


70  UGHT. 

«zperimeiittllj  in  the  following  manner.  Let  an  opaqne  oorering 
be  placed  on  the  sorfkoe  ab,  a  amall  oiroolar  apertore  being  left  nn- 
ooveredato. 

Lot  a  light  be  moved  round  the  aemidrcle  boa.  This  light  will 
enter  the  apertore  0,  and  will  soooearively  illuminate  the  points  of  the 
are  b""  Mr"". 

GommenciQe  from  ^  it  will  produce  an  illuminated  spot  near  b""  ; 
as  it  is  moved  succesnvely  from  b  to  0,  it  will  illuminate  the  points 
successively  from  b""  to  M;  and  as  it  is  moved  successively  from 
0  to  A,  it  will  illuminate  successitely  the  points  from  M  to  r"". 

Li  Uie  same  manner  it  will  be  found,  that  if  the  luminous  point  be 
placed  at  b"",  its  light,  after  passing  from  the  point  o,  will  &11  near 
B,  taking  the  direction  o  B.  if  the  light  be  moved  successively  over 
the  parts  of  the  arc  b"^  m,  it  will  successively  illuminate  the  points 
of  the  arc  from  B  to  o ;  and  being  moved  in  like  manner  from  M  to  r"", 
it  will  successively  illuminate  the  points  of  the  arc  from  o  to  a. 

994.  The  angie  of  incidence  at  which  refraetian  can  lake  place 
from  a  denser  to  a  rarer  medium,  has  a  limit  ithich  corresponds  to  that 
of  the  angle  of  refraction  in  the  contrary  direction,  —  Now  a  ques- 
tion arises  as  to  what  will  hnppea  if  the  light  be  placed  between  r"" 
and  A;  for  since,  being  at  u"",  the  sine  of  the  aogle  of  incidence 
b""  p"",  is  two-thirds  of  c  B,  this  sine  will  be  more  than  two-thirds 
of  c  b  if  the  luminous  point  be  placed  between  r""  and  a  ;  and  con- 
sequently it  would  follow,  by  the  law  of  refraction,  that  the  sine 
of  the  corresponding  angle  of  refraction  must  be  greater  than  the 
radius  bo. 

But  since  no  angle  can  have  a  sine  greater  than  the  radius,  it  would 
follow  that  there  can  be  no  angle  of  refraction,  and  consequently  that 
there  can  be  no  refraction,  for  a  ray  which  shall  make  with  the  re- 
fracting surface  at  c  a  greater  angle  of  incidence  than  r""  c  m.  What 
then,  it  will  be  asked,  becomes  of  such  a  ray,  as,  for  example,  the  ray 
L  G,  making  an  angle  of  incidence  L  c  M,  whose  sine  L  Q  is  greater 
than  two-thirds  of  the  radius  c  b  ? 

995.  Total  reflection  takes  place  at  and  beyond  this  limit.  — The 
answer  is,  that  such  a  ray  being  incapable  of  refraction  at  c  will  be 
reflected,  and  that  such  reflection  will  follow  the  common  law  of  regu- 
lar reflection,  so  that  the  ray  L  c  will  be  reflected  in  the  direction 
0  l',  making  the  angle  of  reflection  l'  c  M  equal  to  the  angle  of  inci- 
dence L  G  M. 

Thus  it  follows,  that  all  rays  which  meet  the  point  G,  in  any  direc- 
tion included  between  r""  c  and  a  C,  will  be  reflected  from  c  in  cor- 
responding directions  between  r""  c  and  b  c,  according  to  the  common 
laws  of  reflection. 

This  may  be  verified  by  observation ;  for  if  the  flame  of  a  candle 
be  moved  from  r"''  to  A,  it  will  be  seen  in  correspondins;  positions  by 
an  eye  moved  in  the  same  way  from  r""  to  B,  and  it  will  bo  seen  wi£ 
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■  fplendoar  of  reflection  far  exceeding  that  produced  bj  any  artificially 
polished  surface. 

996.  Angle  of  total  reflection  determines  the  limit  of  possible 
transmission.  —  IIcucc  it  is  that  this  species  of  reflection  has  been 
called  total  reflection.  The  angle  b""  C  m^  which  limits  the  direction  of 
the  rays  capable  of  being  transmitted  from  c  into  the  superior  medium^ 
and  of  being  reflected,  is  called  the  limit  of  possible  transmission. 

The  rays  C  R'''  and  c/"  separate  the  rays  whicii  are  capable  of  re- 
fraction at  c,  from  those  which  are  reflected  at  c. 

As  in  the  case  of  glass,  the  limit  of  possible  transmission  is  one 
whoso  sine  is  two-thirds  of  the  radius;  so  in  the  case  of  water,  it 
would  be  three-fourths  of  the  radius,  and,  in  general,  it  would  be  an 
angle  whose  sine  is  the  reciprocal  of  the  index  of  refraction. 

It  follows,  therefore,  that  this  limit  of  possible  transmission  dimi- 
nishes 30  the  refracting  power  of  the  medium  increase.^. 

Since  the  angle  whose  sine  is  }  is  48^  28',  and  the  angle  whose 
sine  J  is  41^  49',  it  follows  that  these  arc  the  limits  of  possible  trans- 
mission for  water  or  glass  into  air. 

997.  Table  showing  the  limits  of  possible  transmission,  correspond' 
ing  to  tlte  different  transparent  bodies  expressed  in  the  first 
column. 


KuDMof  Madia. 


Chromate  of  lead 

Diamond 

Sulphur 

Zircon 

Garnet 

Felspar 

Sapphire 

Ruby 

Topas , 

Flint-glass. 

Crowa-glasa 

QoarU 

Alum 

Water 


Index  of 

Limit  of 

Reft^cUon. 

TranvmiMion. 

2-920 

f 9  59 

2-470 

23  53 

2040 

29  21 

2015 

29  45 

1-815 

83  27 

1-812 

83  80 

1-708 

84  26 

1-779 

84  12 

1-610 

88  24 

1-600 

88  41 

1-583 

40  43 

1-548 

40  15 

1-457 

43  21 

1-836 

48  28 

The  properties  here  described  may  be  illustrated  experimentally  by 
the  apparatus  represented  in  fig.  309. ;  lai  abed  represent  a  glass 
?e»el  filled  with  water  or  any  other  transparent  liquid.  In  the  bot- 
tom is  inserted  a  glass  receiver,  open  at  the  bottom^  and  having  a 
tabe  Buch  as  a  lamp-chimney  carried  upwards  and  continued  al^ve 
the  snr&oe  of  the  liquid.  If  the  flame  of  a  lamp  or  candle  be  placed 
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|>         f  y  in  this  fooeiYcr,  as  represented  in  the  figOT»71 

rays  from  it  petietrating  the  li<|ui<JT  and  prtv* 
ocediog  towards  tbio  Burfacc  ^c,  wiJl  strike 
this  surface}  with  various  obliquitiea.  Bays 
which  strike  it  midcr  augles  of  incidence 
within  the  Hmits  of  trananti^ion  will  isaue 
iiito  the  air  above  the  8urfaco  of  the  licjuid^ 
while  **"«*B  '  ih  ptrikc  it  at  great<>r  aiiglfift 
of  in  1  be  reflected,  and  will  p»fr 

tnitc  u  the  gluss  vcsacl  6  c* 

eje  placed  outside  6  c  Wi«  «^ candle  reflected  on  that  part 

i  surfnee  A  c,  upon  which  the  rays  full  »t  angles  of  incidence 

jding  the  limit  of  transmission;  and  an  eye  placed  above  the 
joe  will  see  the  flame »  in  the  direction  of  the  reflected  r»ys,  atrik* 

ihe  fiurfoee  with  obliquitiea  within  the  limit  of  transu  .««jk»a. 


Fig.  309. 
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CHAP.  vin. 

REFRAOTION  OV   PLANE  SURFAOES. 

Haying  explained  the  principles  which  determine  thj  change  of 
direction  which  a  single  ray  of  fight  suffers  when  it  passes  from  one 
transparent  medium  to  another,  we  shall  now  proceed  to  show  the 
effects  produced  by  pencils  of  rays,  whether  parallel,  diveigin^  or 
oonvei^ng,  which  are  incident  upon  plane  snr&oee. 


Fig.  310. 
908.  Parallel  rayf .— -If  a  pencil  of  penllel  njn  be 


upon 
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M  and  m',  the  njs  of  the  pencil,  provided  they  enter  the  medium  m' 
at  all,  will  continue  to  be  parallel. 

Whether  the  rays  of  the  pencil  enter  the  medium  m',  will  be  deter- 
mined by  the  relative  refracting  powers  of  the  two  media  M  and  m', 
and  the  magnitude  of  the  angle  of  incidence  of  the  pencil  upon  the 
lur&ce  8  8'. 

If  the  medium  M'  be  more  refracting  than  the  medium  m,  then  the 
pencil  will  enter  the  medium  m',  whatever  be  the  angle  of  incidence ; 
tmt  if  the  medium  m'  be  less  refracting  than  the  medium  M,  tlicn  the 
pencil  will  enter  the  medium  m'  only  when  the  angle  of  incidence  is 
less  than  the  limit  of  transmission.  If  it  be  greater  than  that  limit, 
it  will  be  reflected  from  the  surfiice  s  s',  according  to  the  common 
laws  of  reflection. 

If  a  pencil  of  parallel  rays  be  incident  successively  upon  parallel 
plaoe  surfaces  separating  different  media,  its  rays  will,  if  transmitted 
at  all  through  them,  preserve  their  parallelism ;  for,  from  what  has 
been  already  proved,  the  pencil,  if  parallel  in  the  medium  m,  will  be 
parallel  in  the  medium  m'  ;  and  being  pai*allol  in  the  medium  m',  it 
will  for  the  same  reason  be  parallel  in  the  medium  m";  and  the  same 
will  be  true  for  every  successive  medium  through  which  the  pencil 
passes,  provided  the  surface  separating  the  media  be  parallel. 

But  whether  the  pencil  be  transmitted  at  all  through  the  successive 
media,  will  depend,  as  before,  upon  the  relative  refracting  powers  of 
the  media  and  the  angles  of  incidence.  If,  for  example,  at  any  sur- 
fiice,  such  as  T  t',  the  medium  m"  have  less  refracting  power  than  the 
medium  m',  the  pencil  will  only  enter  it  provided  the  angle  at  which 
the  rays  strike  the  surface  t  t'  be  less  than  the  limit  of  transmission, 
otherwise  the  rays  will  be  reflected. 

If  a  refracting  medium  m',  bounded  by  parallel  planes,  have  the 
same  medium  at  each  side  of  it,  as,  for  example,  if  the  medium  m'  be 
a  plate  of  glass,  and  the  media  M  and  m'  be  both  the  atmosphere,  the 
pencil  of  rays  A  B,  after  |)assiiig  through  the  medium  m',  will  emerge 
in  the  direction  c  D,  c'  d',  c"  d",  parallel  to  the  original  direction  A  B, 
A'  B',  a"  b",  &e. 

This  has  been  already  proved  for  a  single  ray,  and  will  therefore  be 
equally  true  for  any  number  of  pamllcl  rays. 

999.  Parallel  rays  incident  on  a  succession  of  parallel  surfaces. 
—  If  a  pencil  of  parallel  rays,  after  passing  through  a  succession  of 
media  bounded  by  parallel  surfaces,  be  incident  upon  the  surface  of  a 
less  refracting  medium,  at  an  angle  greater  than  the  limit  of  tran.^f 
mission,  it  will  be  reflected,  and  after  reflection  will  return  through. 
the  several  media,  making  angles  with  the  other  surfaces  c(|ual  to 
those  which  it  produced  iNissing  through  them,  but  on  the  other  side 
of  the  perpendicular. 

For  example,  let  a  B,Jig.  311.,  be  a  ray  of  the  incident  pencil,  and 
lat  it  be  auocessively  refracted  ly  the  media  m,  m',  m"  in  the  directiona 
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Fig.  311. 


B Oy  0  D,  and  i>k;  and  let  it  be  sop- 
poeed  that,  the  medhim  m'"  baTing  a 
leai  refncting  power  than  the  medium 
_  m",  tiie  nj  d  X  is  incideiit  upon  ita 

y%     *■       i>>^  aur&oe  at  an  anrie  greater  than  the 

^^  X.        andeof  tranamiflBion. 

^^  ^        This  ray  will  oonaequentlj  be  le- 

&eted  in  the  direction  x  d',  making  an 
angle  with  Uie  aurfiioe  st  x  <^Qu  to 
that  which  0X  makes  with  it  The  ran 
BD'  and  XD,  bemg  eouallj  inclined  to  the  aurfiuse  separatiDg  the 
Media  M "  and  M^  will  oe  rdracted  bj  the  medium  M*  in  the  diiectioii 
B'  0*1  inclined  at  the  same  angle  as  D  o  to  the  sur&oe  D  d'|  but  <m  the 
otter  aide  of  the  perpendioiQar;  and  in  the  same  way,  in  pasring 
ihxDUgh  the  medium  M,  it  will  take  a  direction  o'n^  inekned  to  0  0*- at 
the  same  angle  as  the  my  o  B  is  inclined  to  it  In  fine,  it  will  isBoe 
from  the  m^ium  M  in  the  direction  B'  A',  inclined  to  the  suiftoe 
B  B'y  at  the  same  angle  as  the  incident  ray  A  B  is  inclined  to  such 
surface. 

If  an  eye  were  placed,  therefore,  at  a',  it  would  sec  the  object  from 
which  the  ray  A  b  proceeds  in  the  direction  a'  b',  the  phenomenon 
being  in  all  respects  similar  to  that  of  common  reflection. 

1000.  Miragiy  Fata  Morgana,  Sfc,  explained. — These  principles 
serve  to  explain  several  atmospheric  phenomena,  such  as  Mirage,  the 
Fata  Morgana,  &c. 

In  climates  Bubject  to  sudden  and  extreme  vicissitudes  of  tempera- 
ture, the  strata  of  air  are  often  affected  in  an  irregular  manner  as  to 
their  density,  and  consequently  as  to  their  refracting  power.  If  it 
happen  that  rays  proceeding  from  a  distant  object  directed  upwards 
after  passing  through  a  denser  be  incident  upon  the  surface  of  a  rarer 
stratum  of  air,  and  that  the  angle  of  incidence  in  this  case  exceeds  the 
limit  of  transmission,  the  ray  will  be  reflected  downwards;  and  if  it  he 
received  by  the  eye  of  an  observer,  an  inverted  image  of  the  object 
will  be  seen  at  an  elevation  much  greater  than  the  object  itself. 

To  explain  tliis,  let  s,Jig.  312.,  be  an  object,  which  if  viewed  from 
£  would  be  seen  in  the  direction  £  s. 

Jjct  M  and  m'  be  two  atmospheric  strata,  of  which  m'  is  much  more 
rare  than  M,  and  let  the  ray  s  M  be  incident  upon  the  surfiuM  separa- 
ting these  strata  at  an  angle  greater  than  the  angle  of  transmission. 
Such  ray  will  in  this  case  be  reflected  in  the  direction  M  E,  making 
with  the  surface  an  angle  equal  to  that  which  s  M  makes  vrith  it.  The 
eye,  therefore,  will  see  an  image  of  8,  exactly  as  it  would  if  the  sur- 
face separating  M  and  m'  were  a  mirror,  and  consequently  the  image 
8'  of  the  object  s  will  be  inverted.  If  no  opaque  obstacle  lie  in  the 
line  E  8.  the  object  8  and  the  inverted  image  will  be  seen  at  the  same 
tJme;  bat  it  any  objeot  be  interpoied  between  the  eye  and  a,  sobh 
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Fig.  312. 

at  a  building,  or  elevated  ground,  or  the  curvature  of  the  earth,  then 
the  object  8  will  be  invisible^  while  its  inverted  image  s'  will  be 
Men. 

It  sometimes  happens  that  the  reflection  takes  place  from  a  lower 
stratum  of  air  towards  the  eye  in  an  upper  stratum,  and  in  such  case 
the  inverted  image  is  seen  below  the  object. 

1001.  Curious  examples  of  these  phenomena.  —  Various  fantastic 
optical  effects  of  this  kind  are  recorded  as  having  been  observed 
during  the  campaign  of  the  French  army  in  Egypt.  On  this  occa- 
sion, a  corps  of  savans  accompanied  the  army,  in  consequence  of 
which,  the  particulars  of  the  phenomena  were  accurately  observed  and 
explained. 

When  the  surface  of  the  sands  was  heated  by  the  sun,  the  land 
seemed  terminated  at  a  certain  point  by  a  general  inundation.  Vil- 
lages standing  at  elevated  points  seemed  like  islands  in  the  middle  of 
a  kke,  and  under  each  village  appeared  an  inverted  image  of  it.  As 
the  spectator  approached  the  boundary  of  the  apparent  inundation, 
the  waters  seemed  to  retire,  and  the  same  illusion  appeared  round  the 
next  vilhige. 

1002.  Case  in  which  parallel  rays  are  incident  successively  on 
surfaces  not  parallel.  —  If  a  pencil  of  parallel  rays  be  transmitted 
succeswivelj  through  several  transparent  media  bounded  by  plane  sur- 
faces which  are  not  parallel,  its  rays  will  preserve  their  parallelism 
throughout  its  entire  course,  whether  they  strike  the  successive  sur- 
faces at  an  angle  within  the  limit  of  transmission  or  not 

If  they  strike  them  at  angles  within  the  limit  of  transmission,  they 
will  pass  successively  through  the  media,  and  the  preservation  of 
their  mutual  parallelism  may  be  established  by  the  same  reasoning  as 
was  applied  to  parallel  surfaces ;  for  the  angles  of  incidence  of  the 
parallel  rays  upon  the  surface  of  the  first  medium  being  equal,  the 
angles  of  refraction  will  also  be  equal,  and  therefore  the  rays  through 
the  first  medium  will  be  parallel.  They  will  therefore  be  incident  at 
equal  angles  on  the  surfaces  of  the  two  media,  and  the  angle  of  re- 
fraction Uirough  the  strata  within  the  limits  of  transmission  will  be 
also  equal,  and  therefore  the  rays  in  pa.ssing  through  the  second  me- 
dium will  be  parallel ;  and  the  same  will  be  true  of  every  successive 
medium  through  which  the  rays  would  be  transmitted.  But  if  they 
46*  f>« 


w  umr.  ' 

■trika  upon  the  larfiMe  of  anj  me^iim  it  aa  aii|^  bejosd  the  Hmit 
of  tnuumiasion,  tiiej  will  be  rofleoled,aiid  bong  idboled  al  the  same 
angle  at  which  they  are  inddent»  the  xefleoted  raja  miiflt  be  paralleL 
In  retorning  sooeesnyelj  thzongli  the  media  thej  will  be  anbjeet  to 
the  like  obeervataon,  and  will  therefbro  prcaeiie  their  parallelism 
whether  thej  be  refracted  or  reflected. 

In  these  observations  it  is  assnined  that  all  the  raja  oomposlng  the 
parallel  pendl  are  equally  refrangibk  by  the  same  refiaeting  mecUom, 
and  to  such  only  the  above  inferences  are  applioaUe.  It  will,  how- 
•fWi  appear  hereafter  that  certain  pencils  may  be  composed  of  rays 
iHiidi  are  diflBnrently  refrangibloi  a  case  not  contempkted  here. 

1008.  RefiracHon  by  prisms,  — The  deflection  of  a  pencil  from  its 
original  coarse  by  its  snooessiYe  transmission  throogh  refracting  sor- 
Ihees  which  are  not  parallel,  is  attended  with  eonsemiencea  of  great 
importance  in  the  theory  of  liriit,  and  it  will  thererore  be  neeessaiy 
here  to  explun  these  efiects  wiu  simie  detail 

tf  two  plane  snr&ees  be  not  parallel,  they  may  be  conadered  as 
fbrminff  two  sides  of  a  triangular  prism,  which  is  a  solid,  having  five 
ndes,  uree  of  which  are  rectan^lar,  and  the  two  ends  triangular. 
Bnch  a  solid  is  represented  in  ^.  318.  a  b  o  and  a'  b'  o  'are  the 
triangular  ends,  which  are  at  right  angles  to  the  length  of  the  prism, 


Fig.  313. 

and  therefore  parallel  to  each  other.     The  three  rectangnlar  sides  are 
abb' a',  boo'b',  and  acc' a'. 

1004.  The  refracting  angle — designatiani  of  prisms. — The 
refracting  angle  of  the  prism  is  that  angle  through  the  sides  of  which 
the  refracted  light  passes.  Thus,  if  the  light  enter  at  any  point  of 
the  side  A  B  b'  a',  and  emerge  from  a  point  of  the  side  B  c  (/  b',  then 
the  angle  of  the  prism  whose  edge  is  B  b'  is  called  the  refract- 
ing  angle,  and  the  opposite  side  A  0  (/  a'  is  called  the  base  of  the 
priBiu. 

Triangular  prisms  are  distinguished  according  to  the  properlJes  of 
the  triangles  which  form  their  ends.  Thus,  if  the  triangle  A  B  C  be 
equilateral,  the  prism  is  said  to  be  equilateral ;  if  it  be  nght-angled, 
the  prism  is  said  to  be  rectangular;  if  the  sides  A  B  and  B  c  of  the 
refracting  angle  be  equal,  the  prism  is  said  to  be  isosceles;  and  so 
forth. 
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Fig.  314. 


1005.  Manner  of  mounting  prisms  for  optical  experiment.  —  It 

is  usual  to  mount  such  prisms  for  optical  purposes  ou 

^       ]       a  pillar,  as  represented  in  fig.  314.,  having  a  sliding 

RIPBBI       tube  i  with  a  tightening  screw,  by  which  the  elevation 

I     _  may  be  regulated  at  pleasure,  aod  a  knee-joint  at  g^  by 

si%  which   any  desired   inclination  may  be  given  to  the 

prism. 

By  the  combination  of  these  arrangements,  the  ap« 

ritns  may  always  be  adjusted,  so  that  a  pencil  may 
received  in  any  desired  direction  with  reference  to 
its  refracting  angle. 

If  the  transparent  medium  composing  the  pnsm  be 
a  solid,  the  prism  may  be  formed  by  cutting  and  polish- 
ing the  solid  in  the  form  required ;  if  it  be  a  liquid, 
the  prism  may  be  formed  of  glass  plates  hollow,  so  as 
to  be  filled  by  the  liquid. 

1006.  Effect  produced  on  parallel  rays  hy  a  prism. — 
Let  a  pencil  of  parallel  rays  be  supposed  to  be  in- 
cident at  Oyfig.  315.,  upon  one  side  A  b  of  the 
refracting  angle  A  B  o  of  a  prism.  Lot  it  be 
required  to  determine  under  what  conditions 
such  a  pencil  entering  the  prism  and  traversing 
it  will  be  transmitted  through  the  other  side  B  c. 
"We  shall  here  assume  that  the  refracting 
power  of  the  prism  is  greater  than  that  of  the 
surrounding  medium.  This  being  the  case, 
the  pencil  incident  upon  the  surface  A  B  will 
enter  the  prism,  whatever  be  its  angle  of  inci- 
dence. From  o  draw  o  M  perpendicular  to  A  B, 
and  0  m  perpendicular  to  B  c ;  draw  o  P  and 
O  p',  making  with  o  M  the  angles  pom  and 
p'  o  M,  each  equal  to  the  limit  of  transmission ; 
and  also  draw  the  lines  Of  and  op,  making 
angles  with  o  m  also  equal  respectively  to  the  limit  of  transmission. 
It  18  evident,  from  what  has  been  already  explained,  that  in  whatever 
direction  the  incident  ray  would  fall  at  o,  it  will,  when  refracted,  fall 
within  the  anele  P  o  p'. 

It  follows  also  from  what  has  been  explained,  that  no  ray  proceed- 
ing from  o  and  incident  upon  the  surface  B  G  can  be  transmitted 
through  it  unless  it  £ei11  between  p  and  p',  that  is,  within  the  angle 
pop\ 

It  is  evident,  then,  that  if  these  two  angles  p o p',  and  pop'  lie 
altogether  outside  each  other,  as  represented  in^^.  315.,  no  ray  inci- 
dent at  0  could  pass  through  the  surface  B  C ;  and  that,  consequently, 
every  such  ray  must  be  reflected  by  such  surface.  In  order  that  any 
of  the  rays  transmittea  through  the  prism,  and  therefore  falling  within 
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te  aiigk  p  o  P^  ihoald  be  tnyMButtad,  il  maU  bt 

tte  anffb  p  op\  or  aome  part  of  il^  dioald  ML  apoa  or  withm  the 

tadepap". 

To  detenniiie  the  oonditioiui  whioh  wovld  ensnro  noh  a  molt^  m 
m  to  eoDfider  that  the  lioee  o  M  and  o  «|  whioh  an  perpendimilar 
n^eotiYelj  to  the  aidee  of  the  vafraetiiig  angle^  moat  form  with  eadi 
otter  the  aame  angloy  that  ia,  the  angle  MOM  mnat  be  equal  to  the 
nfkaeting  angle  B. 

Ihk  angle  MOiiiayaareiireaented  in  J^.  81&.  equal  to  the  anm 
of  the  three  anglea  M op,  woji'i  aadj^op.  XhecefiNne,  the  angle 
liT  o  P  will  be  equal  to  the  an|^  «  o  M,  diminiihed  by  twioe  the  limit 
of  -tranamiaaicmy  beoaoae  the  two  an^^  m  op'  and  M  o  p  are  reapeoi- 
ivelj  equal  to  the  limit  of  tnaanuaaion. 

It  fidlowB,  therefbrei  that  the  ang^  ^  o  p,  wUoh  aepamlea  the  raja 
tranamitted  throuf^  the  priam  from  the  direotioii  of  thoae  nyn  which 
it  would  be  poaaible  to  tranamit  through  the  auAee  B  o,  ia  equal  to 
the  diflfenwioe  between  the  refracting  angle  b,  and  twioe  the  limit  of 
transmission.  If,  therefore,  the  refracting  angle  of  the  prism  be 
greater  than  tvrice  the  limit  of  transmission,  the  rays  which  enter  the 
prism  cannot  be  transmitted  through  the  second  surface  of  the  refract- 
mg  angle,  but  will  be  reflected  by  it  If  the  angle  m  o  m  be  equal 
to  twioe  the  limit  of  transmission,  then  the  commencement  o  P  of  the 
rays  which  pass  through  the  prism  will  coindde  ¥rith  the  commence- 
ment op'  of  those  rays  which  it  would  be  possible  to  transmit  through 
the  surface  B  c;  This  case  is  represented  in  Jig,  316.  In  this  case, 
none  of  the  rays  which  pass  through  the  prism  can  be  transmitted 
through  the  surface  B  c,  and  the  line  o  p  is  the  limit  which  separates 
the  two  cones  of  rays,  one  consisting  of  the  rays  which  traverae  the 
prism,  and  Uie  other  including  those  directions  which  would  render 
their  transmission  through  the  second  sur&ce  possible. 


Fig.  316. 


Fig.  ai7. 
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If,  in  fine,  the  angle  m  o  m,  as  represented  in  fig.  317.,  be  less 
than  twice  the  limit  of  transmission,  then  a  portion  of  the  cone  p  0  j/ 
will  lie  within  the  cone  pop'  and  all  the  refracted  rays  which  are 
indoded  between  o  p  and  o  p'  will  fulfil  the  condition  of  transmission, 
and  will  consequentlj  pass  through  the  surface  B  c ;  but  all  the  others 
which  strike  the  surfii^  B  O  between  p'  and  ;/,  will  be  reflected. 

The  rays,  therefore,  incident  at  the  point  o,  which  are  capable  of 
being  transmitted  through  the  two  surfaces  B  A  and  B  G  of  the  prism, 
will  be  those  whose  angles  of  refraction  are  greater  than  j/  o  M,  and 
less  than  pom. 

But  if  L  express  the  limit  of  transmission,  and  B  the  refracting 
angle  of  the  prism,  we  shall  have 

p'o  M  =  L — p'OP  =  B — L. 

The  condition,  therefore,  of  transmission  at  the  two  surfaces  is  that 
the  refracting  angle  of  the  prism  shall  be  less  than  twice  the  limit  of 
tnuQsmission,  and  the  rays  which  in  this  case  are  capable  of  transmis- 
sion are  those  whose  angles  of  refraction  at  the  first  surface  arc  greater 
than  the  difference  between  the  refracting  angle  of  the  prism  and  the 
limit  of  transmission. 

To  explain  the  course  of  a  ray  which,  passing  through  the  prism, 
fulfils  these  conditions  of  transmissiou,  let  abc,^.  318.,  be  the 

refracting  angle,  and  PO  the 
incident  ray. 

The  prism  being  supposed  to 
be  more  dense  than  the  sur- 
rounding medium,  or  to  have 
a  greater  refracting  power,  the 
ray  P  o,  in  passing  through  it, 
will  be  bent  towards  the  per- 
pendicular o  N,  so  that  the 
angle  of  refraction  o'  o  N  will 
be  less  than  the  angle  of 
incidence    at    o.     Thus    the 


Fig.  318. 


refracted  ray  will  be  bent  out  of  its  course  through  the  angle  Q  o  o', 
which  is  the  first  deviation  of  the  refracted  ray  from  its  original  direc- 
tion. The  refracted  ray  o  o'  being  incident  on  the  second  surface  at 
o'  at  the  angle  o  o'  N,  will  pass  through  this  surface,  and  will  emerge 
in  the  direction  o'  R  deflected  from  the  perpendicular. 

Since  o  Q  is  the  direction  of  the  original  incident  ray  p  o,  and  Q  R 
tlie  direction  of  the  emergent  ray  o'  r,  it  follows  that  the  toUil  devia- 
tion of  the  ray  from  the  original  direction  produced  by  the  two  refrac- 
tions is  the  angle  p'  Q  R. 

1007.  Condition  on  which  the  deviation  of  the  refracted  ray  shall 
he  a  minimum,  —  If  the  angle  of  incidence  of  the  original  niy  p  o  be 
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inch  that  the  refinioted  ray  o  o'  shall  make  equal  angles  with  the 
sides  of  the  prism,  that  is  to  sa^,  so  that  the  angles  B  o  (/  and  B  o'  o 
diall  be  equal,  then  the  deviation  of  the  emergent  raj  o'  B  from  its 
original  direction  will  be  less  than  it  would  be  for  any  other  angle  cf 
incidenoe  of  the  original  ray  P  o. 

In  this  case  it  is  easy  to  see  that  the  angles  which  the  incident  and 
emergent  rays  p  o  and  o'  B  make  with  the  sides  of  the  prism,  and 
with  the  refracted  ray  o  o',  are  equal ;  for  sinoe  the  angles  boo'  aud. 
B  o'  o  are  equal|  the  angles  N  o  a  and  n  o'  o  are  also  equaL 

But 

sin.  p  o  n       .   -       ^    j.     ^. 

7  =  index  of  refraction^ 


Bin.  N  o  o 
sin.RO'n' 


Bin.  N  o  0 


=  index  of  refhustion. 


But  since  the  angles  N  o  o'  and  n  o'  o  are  equal,  it  follows  that 
the  angles  P  o  n  and  R  o'  n  are  consequently  also  equal.  Therefore 
the  incident  and  emergent  rays  make  equal  angles  with  the  perpen- 
dicular to  the  two  surfaces,  and  therefore  with  the  two  surfaces  them- 
selves. 

It  is  easy  to  show  experimentally  that  in  this  case  the  deviation  of 
the  direction  of  the  emergent  from  that  of  the  incident  ray  is  a  mini- 
mum, for  the  direction  of  these  rays  can  be  determined  by  observa- 
tion and  the  deviation  directly  measured.  By  turning  the  prism  ou 
its  axis,  80  as  to  vary  the  angle  which  the  first  surface  makes  with 
the  incident  ray  by  increasing  or  diminishing  it,  it  will  be  found  that 
the  deviation  of  the  direction  of  the  emergent  from  that  of  the  inci- 
dent ray  will  bo  augmented  in  whatever  way  the  prism  may  be  turned 
from  that  position  in  which  the  incident  and  emergent  rays  are  equally 
inclined  to  the  sides  of  the  prism. 

1008.  How  this  supplies  means  of  determining  the  index  of  re- 
fraction.  —  Means  are  thus  obtained,  by  observing  the  minimum 
deviation  produced  upon  a  ray  transmitted  through  a  prism,  of  deter- 
mining, by  a  simple  observation,  the  index  of  refraction ;  for  the  angle 
of  refraction  N  o  o',  being  equal  to  the  angle  N  B  o,  is  one-half  the 
refracting  angle  of  the  prism,  and  the  angle  of  incidence  p  o  n  is 
equal  to  the  angle  of  refraction  N  o  o',  or  one-half  the  angle  of  the 
prism,  together  with  the  angle  o'  o  Q,  or  one-half  the  deviation  o'  Q  p'. 
Thus,  if  1  be  the  angle  of  incidence,  and  R  the  angle  of  refraction  at 
the  first  surface  o,  and  if  B  be  the  refracting  angle  of  the  prism,  and 
D  the  angle  of  deviation,  we  shall  have 


l  =  iD-f  JB, 
B=  }B. 
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nerefinre  we  shall  haye 

rin.  }  (d  -f  b)      .  ,       -    -    .. 

7-— '  =  index  of  refraction. 

Bin.  JB 

By  lro<nnngy  therefore,  the  angle  of  the  prism,  and  by  measoring 
the  angle  of  minimnm  deyiation,  the  index  of  refraction  of  the  ma- 
•  srial  composing  the  prism  can  be  found. 

If  the  ray  transmitted  through  the  prism  do  not  fulfil  the  conditions 
of  transmission  at  the  second  surfieuie,  it  will  be  reflected,  and  will 
therefore  return  to  the  first  surface,  and  pass  through  it  into  the 
medium  from  which  it  came,  or  will  return  to  the  base,  and  be  trans- 
mitted through  it,  or  reflected  by  it^  according  as  the  angle  at  which 
it  strikes  it  is  within  the  limit  of  transmission  or  not 

In  the  case  represented  i^J^g-  319.,  the  incident  ray  po  striking 
upon  the  surface  B  c  at  o',  is  reflected  by  it  and  passes  to  the  base  at 
or,  through  which  it  is  transmitted. 

1009.  Rectangular  prism  used  as  rejiector.  —  A  rectangular  isos- 
celes prism  of  glass  is  often  used  for  an  oblique  reflector.  Such  a 
prism  is  represented  in^^.  320.  The  sides  A  b  and  A  o  being  equal, 
the  aodes  a  b  o  and  A  o  b  must  be  each  45°.  If  a  parallel  pencil  of 
imysi  (n  which  p  o  is  one,  is  incident  upon  b  a  perpendicularly,  it  ¥rill 
enter  the  medium  of  the  prism  vrithout  refraction,  and  will  proceed  to 
the  sarfi^e  b  o,  on  which  it  will  be  incident  at  o'  at  an  angle  of  45°. 
Now,  the  limit  of  transmission  of  glass  being  but  40°,  such  a  ray 
must  Bofier  total  reflection,  and  will  accordingly  be  reflected  from  b  o 
at  in  angle  of  45^,  that  is,  in  the  direction  of  o'  R,  at  right  angles  to 
the  origmal  direction  p  o'. 


A' — /y  *0 


Fig.  319. 


Fig.  320. 


An  object,  therefore,  placed  at  r  would  be  seen  by  an  eye  placed 
at  P  in  the  direction  p  o',  and  an  object  placed  at  P  would  be  seen  by 
an  eye  placed  at  B  in  the  direction  r  o'. 

&&1 


UGHT. 


Fig.  321. 


1010-  Diverging  ra^  refraeied  ai  plane  enrfaees. — Let  1,/fi. 

821.,  822.,  be  the  focus  from  which  a  pencil  d  ^verfpng  ra^  pro- 

oee^  and  is  inddent  upon  the  refracting  aurfiuse  ABO,  eeparating  the 

media  k  and  m'. 

Let  I B  be  that  raj  of  the  pencil  which  bdng  perpendicular  to  the 

anrfiuM  is  its  azis,  and  will 
K  *l  t]ieref<»e  pass  into  the  me-^ 

H.  /  \  ^um  M'  without  having  its'^ 

*  '^  ^  direction  changed.    Let  i  D 

be  two  other  rajs  equidistant 
from  B  fidling  obliquelj  on 
the  smrfiioe  so  near  the  point 
B  as  to  brins  them  within  the 
scope  ci  the  principle  ex- 
plained in  958.  Let  di 
be  the  directioDs  of  the  re- 
fracted rajs  which  bdng  con- 
tinued backwards  meet  the 
line  B I  at  R.  Fig.  821.  re- 
presents the  case  in  which 
the  medium  m'  is  more  dense  than  M,  and  in  which,  therefore,  the 

refracted  rajs  are  deflected 
towards  the  perpendicular. 
Fig.  822.  represents  the  case 
in  which  the  medium  m'  is 
less  dense  than  M,  and  where, 
therefore,  the  refracted  rajs 
are  deflected  from  the  perpen- 
dicular. 

In  the  former  case,  the 
point  B  falb  above  i,  in  the 
latter  below  it     The  point 
B  will  then  be  the  focus  at 
p-    ^22  which  the  rajs  I B  and  D  E, 

or  their  continuations,  meet 
This  will  therefore  be  the  focus  of  the  refracted  rajs.  The  angle 
DIB  which  the  incident  raj  makes  with  the  perpendicular  i  b,  is 
equal  to  the  angle  of  incidence ;  and  the  angle  D  a  B,  which  the  di- 
rection of  the  refracted  raj  makes  with  the  perpendicular,  is  the 
angle  of  refraction. 

Let  the  distarice  I B  of  the  focus  of  incident  rajs  frt)m  the  sur&ce  be 
expressed  bj  /  and  B  B,  that  of  the  focus  of  refracted  rajs  from  the 
surface  hyj^. 

Since  the  angles  which  R  d  and  I D  make  with  B I B  are  so  small 
as  to  come  withm  the  scope  of  the  principle  expressed  in  958.,  we 
duJlbaye 
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i^ 


and  confleqnciitlj, 


DB 

7' 


Bsr 


DB 

7' 


But  tance  the  angles  l  and  B  are  small,  their  sines,  by  the  prin* 
dple  explained  in  958.,  may  be  taken  to  be  equal  to  the  ancles  them- 
selves ;  and,  consequently,  we  shall  haye^  by  the  common  law  of  re- 


Thus  we  shall  have 


(c). 


fraction,  -  equal  to  the  index  of  refraction  n. 
jr=n,    f=nxf    . 

In  this  case,  n  is  the  index  of  refraction  of  the  rays  proceeding 
from  the  medium  m  to  the  medium  m',  and  is  consequently  greater 
than  1  when  m'  is  more  dense  than  M,  and  less  than  1  when  m'  is  less 
dense  than  M. 

The  formula  (c)  is  equivalent  to  a  statement  that  the  distance  of 
the  fod  of  refraction  and  incidence  from  the  refracting  surfiu)e  is  in 
the  proportion  of  the  index  of  refraction  to  1 ;  that  is  to  say. 


1011.  Convergent  rays  incident  on  plane  surfaces.  —  The 
repreaented  in^^s.  821.  and  822.  are  those  of  diverging  rays.  Let 
nt  now  conmder  the  case  of  converging  rays.  Let  the  rays  s  D  be 
incident  upon  the  sur&ce  ABO,^gs.323,,  324.,  converging  to  the 
point  I. 


Fig.  383. 
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If  the  medium  m'  be  more  dense  than  m,  the  rajs  being  deflected 
towards  the  perpendicular  would  ment  the  axis  B  i  at  the  point  r,  more 
distant  than  i  from  B ;  and  if  m'  be  less  dense  than  M,  bcinc  deflected 
from  the  perpendicular  they  will  meet  the  axis  at  the  point  r,  less 
distant  from  the  surface  than  i.  In  this  case,  the  same  reasoning  will 
be  applicable  as  in  the  former,  and  the  same  formula  (c)  for  the  de- 
termination of  the  relative  distances  of  i  and  R  from  B  will  result 

If  ly  Jfgs.  321.,  322.,  be  any  point  in  an  object  seen  by  an  eye 
placed  within  the  medium  m',  the  point  i  will  appear  at  r,  because  the 
rays  D  E  proceeding  from  it  enter  the  eye  as  if  they  came  from  R. 
The  point  will  therefore  seem  to  be  more  distant  from  the  surface  A  o 
than  it  really  is  in  the  case  represented  in^.  321.|  and  less  distant 
in  that  represented  in^^.  322. 

1012.  fVkif  water  or  glass  appears  shallower  than  it  is.  -  This 
explains  a  familiar  effect,  that  when  objects  sunk  in  water  ar%  viewed 
by  an  eye  placed  above  the  surface,  they  appear  to  be  less  deep  than 
they  are,  in  the  proportion  of  3  to  4,  this  being  the  index  of  refrac- 
tion for  water.  If  thick  plates  of  glass  with  parallel  surfaces  be  placed 
in  contact  with  any  visible  object,  as  a  letter  written  upon  white  paper, 
•pch  object  will  appear,  when  seen  through  the  glass,  to  be  at  a  depth 
below  the  surface  only  of  two-thirds  the  thickness  of  the  glass,  the 
index  of  refraction  for  glass  being  3. 

If  a  straight  wand  be  immersecf  in  water  in  a  direction  perpen- 
dicular to  the  surface,  the  immersed  part  will  appear  to  be  only  three- 
fourths  of  its  real  length,  for  every  point  of  it  will  appear  to  be  nearer 
to  the  surface  than  it  really  is,  in  the  proportion  of  3  to  4.  If  the 
wand  be  immersed  in  a  direction  oblique  to  the  surface,  it  will  appear 
to  be  broken  at  the  point  where  it  meets  the  surface,  the  part  im- 
mersed forming  an  angle  with  the  part  not  immersed. 

Let  AC,  Jig.  325.,  represent  in  this  case  the  surface  of  the  water, 

and  let  L  B  l'  be  the  real  direction 
of  the  rod,  B  l'  being  the  part  im- 
mersed. From  any  point  p,  draw 
p  M  perpendicular  to  the  surface 
A  0,  and  let  Mp  be  equal  to  three- 
fourths  M  P.  The  point  p  will 
therefore  appear  as  if  it  were  at 
p ;  and  the  same  will  be  true  for 
all  points  of  the  rod  from  b  to  i/. 
The  rod,  therefore,  which  really 
passes  from  b  to  l',  will  appear 
as  if  it  passed  from  B  to  V,  this  line  b  T  being  apparently  at  a  distance 
from  the  surface  of  three-fourths  the  distance  B  l'. 

1013.  Refracting  and  refractive  potter  explained.  —  Much  con- 
fusion and  consequent  obscurity  prevails  in  the  works  of  writers  on 
optics  of  all  countrieSy  an^ng  from  the  uncertain  and  varying  use  of 


Fig.  325. 
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the  terms  refracting  or  refractive  power,  as  applied  to  the  effect  of 
transtparent  media  upon  light  transmitted  through  them. 

It  is  evident  that  if  rays  of  light  incident  at  the  same  angle  on  the 
surfaces  of  two  media  he  more  deflected  from  their  original  course  in 
passing  through  one  than  in  passing  through  the  other,  the  refracting 
power  of  the  former  is  properly  said  to  be  greater  than  the  refract- 
ing power  of  the  latter.  But  it  is  not  enough  for  the  purposes  of 
science  merely  to  determine  the  inequality  of  refracting  power.  It  is 
necessaiT  to  assign  numerically  the  amount  or  degree  of  such  inequal- 
ity, or,  m  other  words,  to  assign  the  numerical  ratio  of  the  refracting 
powers  of  the  two  media. 

In  some  works  the  index  of  refraction  is  adopted  as  the  expres- 
sion of  the  refracting  power.  Thus  the  first  table  in  the  Appendix 
to  Sir  David  Brewster's  Optics  is  entitled  '<  Table  of  Refracting 
Powers  of  Bodies;"  the  table  beings  in  fact,  a  table  of  the  indices  of 
refraction. 

The  correct  measure  of  the  refracting  power  of  a  medium  is,  how- 
ever, not  the  index  of  refraction  itself,  but  the  number  which  is  found 
by  sabtracting  I  from  the  square  of  that  index.  Thus,  if  n  ex- 
piess  the  index  of  refraction,  n^  —  1  would  express  the  refracting 
power. 

This  measure  of  the  refracting  power  is  based  upon  a  principle  of 
physics  not  easily  rendered  intelligible  without  more  mathematical 
knowledge  than  is  expected  from  readers  of  a  volume  so  elementary 
as  the  present  In  the  corpuscular  theory  of  light,  the  numb^ 
«* — 1  expresses  the  increment  of  the  square  of  the  velocity  of  lieht  in 
passing  from  the  one  medium  to  the  other ;  and  in  the  undiuatory 
theory  it  depends  on  the  rchitive  degrees  of  density  of  the  luminous 
ether  in  the  two  media.  In  each  case  there  are  mathematical  reasons 
for  aasoming  it  as  the  measure  of  the  refractive  power. 

Taking  the  refractive  power  in  this  sense,  it  may  be  expressed  for 
any  medium,  either  on  the  supposition  that  light  passes  from  a  vacuum 
into  soch  medium,  or  that  it  passes  from  one  transparent  medium  to 
another.  If  the  refractive  powers  of  two  media  be  given,  on  the  sup- 
position that  light  passes  from  a  vacuum  into  each  of  them,  the  re- 
fractive power,  where  light  passes  from  one  medium  to  the  other,  can 
be  found  by  dividing  their  refractive  powers  from  a  vacuum  one  by 
the  other.  Thus  the  refractive  power  of  glass  frohi  vacuum  being 
1-326,  and  that  of  water  0-785,  the  refractive  power  of  glass,  in  re- 
ference to  water,  will  be 

1014.  Absolute  refractive  power  explained.  —  The  term  "  abso- 
lute refracting  power"  has  been  adopted  to  express  the  ratio  of  the 
lefracting  power  of  a  body  to  its  density.     Thus,  if  d  express  the 


M 
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dmmtj  of  a  medium^  and  a  expreae  its  absolute  refracting  poweri  we 
shall  haye 

n«  — 1 


A  = 


When  an  elastic  fluid  or  gaseous  substance  suffers  a  change  of  den- 
sity, its  refracting  power  undergoes  a  corresponding  change,  increas- 
ing with  the  density;  but  in  this  case  the  '^ absolute  rcfi acting 
power"  remains  sensibly  constant,  the  index  of  refraction  varying  in 
luoh  a  manner  that  n*  —  1  increases  or  diminishes  in  the  same  ratio 
as  the  density. 
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REFRACTION   AT   SPHERICAL   SURFACES. 

1015.  The  radius  of  a  spherical  surface  taken  as  the  perpendicu- 
lar to  which  all  rays  are  referred.  —  It  has  been  already  explained 
that  a  ray  of  light  incident  upon  a  curved  surface  suffers  the  same 
effect,  whether  by  refraction  or  reflection,  as  it  would  suffer  if  it  were 
incidcut  upon  a  plane  surface  touching  the  curved  surface  at  the  point 
of  incidence ;  and  consequently  the  perpendicular  to  which  such  ray 
before  or  after  refraction  must  be  referred,  will  be  the  normal  to  the 
curved  surface  at  the  point  of  incidence.  But  as  the  curved  surfaces 
which  are  chiefly  considered  in  optical  researches  are  spherical,  this 
normal  is  always  the  line  drawn  through  the  centre  of  the  sphere  of 
which  such  curved  surface  forms  a  part.  When  a  ray  of  light,  there- 
fore, is  incident  upon  any  spherical  surface  separating  two  media  hav- 
ing different  refracting  powers,  its  angles  of  incidence  and  refraction 
are  those  which  the  incident  and  refracted  rays  respectively  make 
with  the  radius  of  the  surface  which  passes  through  the  point  of  inci- 
dence. 

Thus  if  A  B  Cjfig.  326.,  be  such  a  surface,  of  which  o  is  the  centre, 
a  ray  of  light  y  p,  being  incident  upon  it  at  p,  and  refracted  in  the 
direction  P  f,  the  angle  of  incidence  will  be  the  angle  which  Y  P 
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Dikes  with  the  oootinaation  of  o  P,  and  the  angle  of  refraction  will 
be  o  P  F.  The  sine  of  the  angle  of  iacidence  will  he,  according  to 
the  common  law  of  refraction,  equal  to  the  sine  of  the  angle  of  refrao- 
^on  multiplied  by  the  index  of  refraction. 

We  shall  first  consider  the  case  of  pencib  of  parallel  rays  incident 
OD  spherical  sarfsuses ;  and,  secondly,  that  of  divergent  or  convergent 
rays. 

It  may  be  here  premised  once  for  all,  that  in  what  follows  such 
pencils  df  rays  only  will  be  considered  as  have  angles  of  incidence  or 
refraction  so  smaU  as  to  come  within  the  scope  of  the  principle 
exphdned  in  958.,  so  that  in  these  cases  the  ancles  of  incidence  and 
refraction  themselves  may  be  substiutcd  for  their  sines,  and  vice 
versd  ;  and  the  arcs  which  subtend  these  angles,  and  the  perpendicu- 
lars drawn  from  the  extremity  of  either  of  their  sides  to  the  other, 
may  indifferently  be  taken  for  each  other.  The  retention  of  this  in 
the  memory  of  the  reader  will  save  the  necessity  of  frequent  repeti- 
tion and  recurrence  to  the  same  principle. 

1016.  Parallel  rays,— Let  t  p,^.  326.,  be  two  rays  of  a  parallel 
pencil  whose  axis  is  f  o  b,  and  which  is  incident  at  P  upon  a  spheri- 
cal surface  A  b  c,  whose  centre  is  o. 

There  are  two  cases  presenting  different  conditions : 

L  When  the  denser  medium  is  on  the  concave,  and  the  rarer  on 

the  convex  side  of  the  refracting  surface : 
XL  When  the  denser  medium  is  on  the  convex,  and  the  rarer 

medium  on  the  concave  side  of  the  refracting  surface. 

1017.  First  case.  Convex  surface  of  denser  medium. — The  rays 
T  ^fjig'  826.,  incident  at  p,  entering  a  denser  medium,  will  be  de- 
flected towards  the  perpendicular  o  P,  and  will  consequently  meet  at 
a  point  F  beyond  o.  The  angle  P  o  B  is  equal  to  the  angle  of  inci- 
dence. Let  this  be  called  i.  The  angle  o  f  f  is  the  angle  of  refrao- 
tion,  which  we  shall  call  R. 

By  the  common  principles  of  geometry  (Euclid,  book  1.  prop.  32.  )| 
we  faAve 

R  =  I  —  BP  P. 

If  the  distance  b  f,  of  the  focus  f,  from  the  vertex  b  be  expressed 
by  F,  and  the  radius  b  o  by  r,  we  shall  have 

_bp      _bp      bp 

But  since  i  is  equal  to  n  X  R,  we  shall  have 

BP  BP  bp 

—  =  nx n  X — . 

r  r  F 

47*  W 
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OnMiog  the  ocynmum  BiniMntor  B  p,  ira  shall  ham 
Inn 


aod  oonaeqiieiitlj 


nr  ,  ^ 

r  =  -— ,  .  .  (A). 


1018.  lb  Jlnd  the  distaneet  vf  the  principal  foem  from  tie  nr- 
fme$  and  the  centre, — Bj  this  fOTmolay  when  the  index  of  refnctioA 
1^  and  the  radina  r  d  the  auilboe  A  B  o,  are  known,  the  distance  of 
die  point  r  from  b  can  alwajs  he  computed,  aa  it  is  onlj  necesaaiy  to 
mnltiplj  the  radina  by  the  index  of  refraction,  and  to  cuvide  the  pro- 
daet  hj  the  ssme  indue  diminished  hy  1. 

To  ibd  the  distuice  of  the  focns  r  from  the  centre  o,  it  is  only 
meeasaxy  to  sabtraet  from  the  formub  expressing  its  distance  from 
B,  the  r»dioa  r.    Thoa  ve  hate 

nX  r  r  ,  . 

n — 1  n — 1  "^  ' 

1019.  Case  in  which  the  rays  pass  fiim  the  denser  into  the  rarer 
medium, — In  the  case  oontemplatcd  above,  the  rays  t  p  pass  from  the 
rarer  to  the  denser  medium.  If  they  pass  in  the  contrary  direction, 
that  is  to  say,  in  the  direction  T'  P,  then  the  index  n  from  the  denser  to 
the  rarer  medium  will  be  less  than  1,  and  the  expression  for  F,  fonnuht 

i'A),  will  be  negative,  showinff  that  in  this  case  the  focus  lies  to  the 
eft  of  the  vertex  b  at  f'.  The  same  formula,  however,  expresses  its 
distance  from  b,  only  that  the  index  of  refraction  n  is  in  this  case  the 
xedprocal  of  the  index  for  the  rays  passine  in  the  contraiy  direction. 
I^  then,  we  express  by  n'  the  index  of  refraction  from  the  denser  to 
the  rarer  medium,  the  distance  of  f'  from  b  will  be  expressed  by 

,,  _  n'  X  r 

It  is  easy  to  show  that  the  distance  f'  b  of  the  focus  of  the  rays 
t'  P  from  the  vertex  B  is  equal  to  the  distance  F  o  of  the  focns  F  of 
the  rays  T  p  from  the  centre.  To  show  this,  it  is  only  necessaiy  to  sub- 
stitute -  for  n',  which  is  its  equivalent,  and  we  find 


which  is  the  same  as  the  expression  already  found  for  the  distance  of 
f  from  o,  but  having  a  different  sign,  inasmuch  as  it  lies  at  a  different 
aide  of  the  vertex  b 

1020.  Relative  posUUm  of  the  two  principal  foci.  — The  two  fod 
#«nd  v'  o(  ptralkl rays incsdyentimiiitbe refracting sar£^ 
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oi^MBite  directioDSy  are  called  the  principal  foci,  one  f  of  the  conyez 
lar&ce,  and  the  other  f'  of  the  concave  surfiLCC. 

It  follows  from  what  has  been  just  proved  that  the  distance  of  each 
of  these  foci  from  the  vertex  b  is  equal  to  the  distance  of  the  other 
from  the  centre  o. 

It  follows,  also,  from  what  has  been  here  proved,  that  parallel  rays, 
whether  incident  upon  the  convex  surface  of  a  denser,  or  the  concave 
surface  of  a  rarer  medium,  will  be  refracted,  converging  to  a  point 
upon  the  axis  in  the  other  medium,  determined  by  the  formulae  above 
obtained. 

1021.  Second  case.  Concave  surface  of  a  denser  medium, — 
The  formula  (a)  and  (b)  are  equally  applicable  to  the  ease  in  which 
the  denser  medium  is  on  the  convex  side  of  the  surface  A  B  c.  It  is 
only  necessary,  in  this  case,  to  consider  that  the  value  of  n,  for  the 
rays  T  P,  is  less  than  1.  This  condition  shows  that  the  value  of  F, 
given  by  the  formula  (a),  is  negative,  and  consequently  that  the  focus 
will  lie  to  the  left  of  the  vertex  b,  as  at  p'.  Now,  since  the  rays  Y  p, 
after  passing  the  surfiun  a  b  c,  have  their  focus  at  f',  they  must  be 
divergent,  and  the  focus  f'  will  be  imaginary. 

In  like  manner,  if  the  rays  pass  from  the  rarer  to  the  denser  me- 
dium, in  the  direction  t'  p,  the  value  of  f  will  be  positive,  because 
in  this  case  n  will  be  greater  than  1,  and  consequently  the  focus  will 
lie  to  the  right  of  the  vertex  b,  as  at  f,  the  rays  diverging  from  it 
being  those  which,  by  refraction,  pass  into  the  medium  to  the  left  of 
tbe  Burfiice  A  b  o.  The  focus  f,  therefore,  in  this  case,  is  also  ima- 
ginary. 

Toe  same  Jig,  826.,  therefore,  will  represent  tbe  circumstances  at- 
tending the  case  in  which  the  denser  medium  is  at  the  convex  side 
of  the  surface,  the  only  difference  being  that  in  this  latter  case  f  is 
the  focus  of  the  rays  y'  p,  and  f'  the  focus  of  the  rays  Y  p.  The  dis- 
tances of  F  and  f'  from  b  and  o  respectively  will  be  the  same  as  in 
the  former  ease. 

1022.  Case  of  parallel  rays  passing  from  air  to  glass,  or  vice 
versd.  —  To  illustrate  the  application  of  the  preceding  formulae,  let 
us  suppose,  for  example,  that  the  denser  medium  b  glass,  and  the  rarer 
air,  and  that  consequently  the  value  of  n,  for  rays  passing  from  the 

Q 

rarer  to  the  denser,  is  3,  and  its  value  for  rays  passing  from  the  denser 

2 
to  the  rarer  is  -. 

u 

We  have,  consequently,  in   the   case  represented  in  fg,   826., 

that  ia  to  say,  the  distance  of  the  principal  focus  of  the  parallel  rayH 

H  2  ^^<^ 


M  LIGHT. 

T  P  from  B  h  thiw  timet  the  ndini  o  B,  aiid  ooniaqniA^ 
1^0  from  o  is  twice  its  xadfau. 
In  like  manner,  to  find  the  diiluiee  r'  b,  we  hsvt 

B-g, 

md  eonaeqiiaitly, 

»*  =  — 2r; 

that  b  to  mjf  the  diettnce  v'b  is  equal  to  twioe  the  raduui  and  ia 
BMBtne,  ainoe  it  liea  to  the  left  of  b. 

In  like  manner,  it  will  follow  that  when  the  amfiioe  of  the  denaar 
BMdiQm  ia  oonoaTOyB  r'  and  ro  are  eaeh  equal  to  twioe  the  mdinao  B. 

1028.  Mofi  dtp^rgimg  from  tie  jnimcipalfocmM  of  the  ranvear 
mufme€  rf  a  dernier^  or  f Jliie  eameave  mtrfiiee  of  m  rarer  wudium,  or 
oomorgkig  fa  the  prmapalfoau  of  (he  eamtx  emfeee  ef  a  rarer^ 
or  the  eomcm§  surface  qf  a  demer  aiedtii,  ora  refrmeted  paroiUL 
<^  Since  the  direotioua  A  the  incident  and  refracted  raja  are  in  all 
caaea  reciprocal  and  interchangeable,  it  followa  that  i^  in  the  first 
caae,  where  the  denser  medium  is  on  the  concave  aide  of  the  surface, 
rays  are  supposed  to  diverge  from  either  of  the  foci  F  or  r',  Jig.  326., 
thev  will  be  refracted  parallel  to  the  axis  v  B  in  the  other  medium ; 
and  in  the  second  case,  if  rays  bo  incident  upon  the  refracting  sur&oe 
in  directions  converging  to  F  or  i^,  they  wUl  be  refracted  piurallel  to 
the  axis  in  the  other  medium. 

It  may  be  asked  what  utility  there  can  be  in  considering  the  case 
of  incident  rays  converging,  inasmuch  as  rays  which  proceed  from  all 
objects,  whether  shining  by  their  own  light,  or  rendered  visible  by 
light  received  from  a  luminary,  must  be  divergent,  each  point  of  such 
objects  being  a  radiant  point,  which  is  the  focus  of  a  pencil  of  rays 
radiating  or  diverging  from  it  in  all  directions. 

It  is  true  that  the  rays  which  proceed  immediately  from  any  ob- 
jects are  diver^nt,  and  therefore,  in  the  first  instance,  all  pencils  of 
rays  which  are  mcident  upon  reflecting  or  refracting  surfroes  are  ne- 
cessarily divergent  pencils;  but  in  optical  researches  and  experiments, 
pencils  of  ravs  frequently  pass  successively  from  one  reflectinff  or  re- 
fracting surw^e  to  another,  and  in  these  cases  pencils  whi(m  were 
originally  divergent,  often  are  rendered  convergent,  and  in  this  form 
become  pencils  incident  upon  other  reflecting  or  refracting  surfaces. 
In  such  cases  the  pencils  have  imaginary  foci  behind  the  surface  upon 
which  they  are  incident,  such  foci  being  the  points  to  which  they 
would  actually  converge  if  their  direction  were  not  changed  by  the 
reflecting  or  refracting  surfaces  which  intercept  them. 

1024.  Convergent  and  divergent  surfaces  defined,  —  It  appears 
from  the  preceding  investigation  that  a  spherical  refracting  surface, 
having  a  denser  medium  on  its  concave  side,  always  renders  parallel 
n/s  coDvergentf  in  whatever  diieoUon  they  are  incident  upon  it;  and 
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that,  on  the  contrary,  a  spherical  sur&ce,  having  a  denser  medium  at 
its  convex  side,  always  renders  parallel  rays  divergent  in  whatever  di- 
rection they  are  incident  upon  it.  As  these  two  surfaces  possess  these 
distinguishing  optical  properties,  it  will  be  convenient  to  express  the 
former  as  a  convergent  refracting  surface,  and  the  latter  as  a  divergent 
refracting  sur&cc. 

1025.  Effect  of  a  spherical  refracting  surface  on  diverging  and 
converging  rays,  —  Having  explained  the  conditions  which  determine 
the  position  of  the  foci  of  parallel  rays  incident  on  spherical  reflecting 
surfaces,  we  shall  now  proceed  to  investigate  those  by  which  the  focus 
to  which  diverging  or  converging  pencils  of  incident  rays  are  refracted 
is  determined. 

Let  ABO,  Jigs.  827.,  328.,  be  a  spherical  refracting  surface,  of 


Fig.  327. 


Fig.  328. 

which  the  centre  is  o,  and  the  vertex  b.  Let  i  be  the  focus  of  the 
pencil  of  incident  rays,  whether  diverging  or  converging ;  and  let  r 
be  the  conji^te  focus  of  refracted  rays,  so  that  the  incident  pencil 
may  after  refraction  be  converted  into  another  pencil,  diverging  from 
or  converging  to  the  point  r.  The  angle  o  P  i  will  be  the  angle  of 
incidence,  and  the  angle  o  p  R  the  anele  of  refraction. 

Let  the  radius  B  o  bo  expressed  as  Defore  by  r,  and  let  i  b  and  R  b 
be  expressed  respectively  by/ and/*. 

We  shall  have,  by  the  principles  of  geometry,*  fg.  327., 

BP    BP 
OPI  =  BOP  —  BIP= :p, 

r      f 

BP    BP 
OPR  =  BOP — BRP= -pr-. 

r         f 


'  Eaolid,  Book  1.  Prop.  32. 


wv 


9$  UGHT. 


But  mm  the  uigle  of  inddMieey  being  imalli  b  eqptl  to  tlie  mi^ 
ef  le&eetMA  multijdied  by  the  indes  of  lefrectioii,  ve  shell  he^e 

B  P       BP  .    /B  P       BPv 

Omittiog  the  oommon  namenior  B  p,  ve  Bhall  ham 

Vmn  thii  we  infer, 

1      n      1 — n  ,  V 

j—j;v=^——    .    .    (p). 

1026.  How  fe  jEmI  fAe  >eiu  of  refraciiom  wkem  Oe  foau  of 
Ueidenee  Ughen.  — Br  this  fbrmuimy  when  the  diatuieeof  the  Ibooa 
of  incident  raje  from  the  Tertez,  the  ndins  of  the  snr&oey  and  the 
index  of  refraction,  that  \af,  n,  and  r,  are  known,  the  position  of  the 
focus  of  refracted  rays,  that  is,  its  distance  /'  from  Uie  vertex,  can 
always  be  determined.  It  is  only  necessary  to  observe,  that  when 
the  value  off  obtained  from  the  formula  (c)  is  positive,  it  is  to  be 
measured  to  the  right  of  the  vertex  B,  and  consequently  lies  on  the 
concave  side  of  the  sur&ce;  and  that  when  negative  it  should  be 
measured  to  the  left  of  B,  and  consequently  lies  on  the  convex  side 
of  the  surface. 

When  the  focus  of  incident  rays  i  lies  to  the  right  of  B,  and  there- 
fore on  the  concave  side  of  the  surface,  the  dbtance/is  positive;  but 
if  I  lie  to  the  left  of  B,  or  on  the  convex  side  of  the  surfiice,  then  /  in 
the  formula  (o)  must  be  taken  negatively.  The  index  n  is  under- 
stood in  all  cases  to  be  the  index  of  refraction  of  the  medium  from 
which  the  ray  proceeds  to  the  medium  into  which  it  parses ;  and  is 
consequently  greater  than  unity  when  the  latter  is  denser,  and  less 
when  it  is  rarer  than  the  former. 

With  this  qualification,  the  formula  (c)  will  determine  the  relative 
position  of  conjugate  foci  in  every  possible  case,  whether  of  conver- 
gent or  divergent  rays,  and  at  whichever  side  of  the  sur&ce  the  denser 
medium  may  lie. 

As  an  example  of  the  application  of  this  formula,  let  us  take  the 
most  common  case  of  a  pencil  of  rays  passing  from  air  into  glass. 

If  the  pencil  be  divergent  and  the  refracting  surface  be  convex,  as 
represented  in^.  328.,  the  distance  of  I  b,  the  focus  of  incident  rays, 
from  the  vertex,  will  be  negative,  and  the  value  of  n  will  be  }. 
Hence  the  formula  (o)  will  become 


^^ 
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From  wheiiod  we  infer^ 

If  IB,  or /)  therefore,  be  greater  than  twice  the  radius,/'  will  bo 
posative,  ana  will  therefore  lie  within  the  surface  A  B  c  at  a  distance 
^m  B  determined  by  the  formula  (d).  In  this  case  the  rajs  diverg- 
ingfrora  i,^.  328.,  will  be  made  to  converge  after  refraction  to  R. 

%ut  if  the  distance  l  b  or  /  be  less  than  twice  the  radius,  then  the 
preceding  Talue  of /'  will  be  negative,  and  must  consequently  be 
taken  to  the  left  of  b,  as  at  r',^.  328.  Consequently,  in  this  case, 
rays  after  refraction  will  diverge,  as  if  they  had  proceeded  from  r'. 

In  fine,  if  i  B  be  equal  to  2  r,  then  the  value  of/'  will  be  infinite, 
which  indicates  that  in  such  case  the  refracted  rays  are  parallel,  their 
points  of  intersection  being  at  an  infinite  distance. 

By  like  reasoning,  the  position  of  the  focus  of  refracted  mys  which 
sorrespoiids  to  every  other  variety  of  position  of  the  focus  of  incident 
rays  may  be  determined. 

Principal  and  secondary  pencils.  —  In  the  preceding  observations, 
the  fbcns  of  incident  rays  is  supposed  to  bo  placed  upon  the  axis  of 
the  spherical  surface.  Such  pencil  is,  as  in  the  case  of  reflectors, 
ealled  the  principal  peneily  and  the  axis  the  principal  axis. 

When  the  focus  oif  a  pencil  of  rays  is  not  on  the  axis  of  the  refract- 
ing sarface,  or  if  it  be  a  parallel  pencil  when  its  rays  are  not  parallel 
to  such  axis,  it  is  called  a  secondary  pencil ;  and  its  axis,  which  is 
the  ray  passing  through  the  centre  of  the  refracting  surface,  is  called 
a  secondary  axis. 

The  focos  of  refracted  rays  of  a  secondary  pencil  lies  upon  its  axis, 
and  is  determined  in  the  same  manner  as  in  the  case  of  a  principal 
penciL  The  rays,  however,  from  such  a  pencil  will  only  be  refracted 
to  the  same  point  provided  the  distance  of  its  extreme  rays  from  the 
axiSy  measoR^  on  the  spherical  surface,  does  not  exceed  a  few  degrees. 
If  the  rays  be  refracted  beyond  this  limit,  they  will  not  be  collected 
into  a  single  point,  bat  will,  as  in  the  case  of  reflectors,  be  dispersed 
orer  a  certain  spsoei  and  produce  an  aberration  of  sphericity. 


CHAP.  X. 

PBOPXRTIES  OF  LENSES. 

1027.  Ijens  defined.  —  When  a  transparent  medium  is  included 
between  two  curved  sorfacesi  or  a  curved  sor&ce  and  a  phme  suriace, 
it  it  called  a  Inw. 


M  UGHT. 

Leoiet  an  of  Tarioos  tijpwm,  aooofding  to  die  dianoken  of  ilia 
emrfad  anr&eea  which  bound  them;  bat  those  whioh  are  almost  ez* 
duATely  used  in  optical  inatnune&te  aad  in  optical  experiments,  aie 
honnded  hj  spherical  sorfiMses^  and  to  thesO;  therefbrei  we  shall  here 
Umit  our  obsearations. 

Spherical  sorfiusesy  combined  with  each  other  and  with  plane  sor- 
&oes,  produce  the  following  six  species  of  lens,  which  are  denomi- 
nated converging  and  diverffing  lensM^  becanse,  as  wOl  be  explained 
hereafter,  the  first  class  renoiar  a  pencil  of  parallel  rays  incident  upon 
them  convergent,  and  the  second  class  render  such  a  pendl  divergent 
1028.  Twree  forms  of  converging  lemses, — memscut,  doubk  com' 
veXf  ami  plaiuhcanvex.  —  CSonveiging  lenses  are  of  the  three  follow- 
ing qieeies: — 

L  J%e  memseus.  The  form  of  this  lens  maj  be  conceived  to  be 
produced  as  follows :  *— 

Let  A  B  0  and  A'sfd^ 
Jig,  829.,  be  two  dronlar 
arcs,  whose  middle  pomts 
are  B  and  b',  and  whose 
^  5*  centres  are  o  and  o',  the 

radios  o  b  being  greater 
than    the    radius  o'   B^. 
Let  the  two  arcs  be  sup- 
Fig.  329.  posed  to  revolve  round  a 
line  o  o'  B  b'  as  an  axis, 
and  they  will  in  their  revolution  produce  a  solid  of  the  form  of  the 
meniscus  lens. 

It  is  evident  from  this  that  the  convexity  a'  b'  (/  of  such  a  lens  is 

greater  than  its  concavity 

^'^  A  B  q,  the  radius  &ib^  of 

the  convexity  being  less 

than  the  radius  o  B  of  the 

n'Mn concavity. 

^     n.  Double  convex  lene. 
The  form  of  this  lens  may 
in  like  manner  be  con- 
ceived to  be  produced  as 
F»«-  330.  follows  :— 

Two  circular  arcs,  A  B  o  and  a'  b'  c/,/^.  380.,  whose  middle  points 
ire  B  and  b',  and  whose  centres  are  o  and  o',  beinff  conceived  to  re- 
volve round  a  line  o  b'  B  o'  as  an  axis,  will,  by  their  revolution,  pro- 
duce the  form  of  this  lens.  The  convexities  of  the  sides  will  be  equal 
or  unequal  according  as  the  radii  o  B  and  o'  b'  are  equal  or  unequal 
III.  Plano-convex  lens.  The  form  of  this  lens  may  be  conceived 
to  be  produced  as  follows  :  — 
Let  a'  b'  (f,  Jig,  331.,  be  a  drcular  arc,  whose  middle  point  is  Bf, 
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Fig.  331 


and  whose  centre  is  (/;  and  let 
A  B  c  be  a  straight  line  at  riffbt 
angles  to  b'  o',  whose  middle  point 
is  B.  If  a  figure  thus  form^  re- 
^  Tolve  round  the  line  (/  b'  as  an 
axis,  it  will  produce  the  form  of  a 
plano-convex  lens,  the  side  A  b  o 
being  plane,  and  the  side  a'  b'  (/ 
beinff  convex. 

1029.   Three  forms  of  diverge 

ing    lenses,  —  concavo  -  conveXy 

and  planoconcave,  —  Diverging  lenses  are  of  the 


To  form  this  lens,  as  before^  proceed  as 


double  concave^ 

three  following  species :  — 

I.   Concaooconvex  lens, 
follows : — 

Let  ABO  and  a'  b'  o'jfg.  832.,  be  two  circular  arcs,  whose  middle 
points  are  B  and  b',  whose  centres  are  o  and  o',  and  whose  radii  are 
0  B  and  o  b'  ;  the  latter  being  greater  than  the  former.    If  this  be 


■5' 


Fig.  332. 

•appoeed  to  reyolve  round  the  line  o'  o  b  b'  as  an  axis,  it  will  produce 
ihe  form  of  a  concayo-oonvex  lens.  Since  the  radius  of  the  concave 
aide  A  b  C  is  less  than  the  radius  of  the  convex  side  a'  b'  cf,  the  con- 
mnVf  will  be  greater  than  the  convexity. 

l£  Domble  concave  lens.     The  form  of  this  lens  may  be  supposed 
to  be  prodnoed  as  follows : — 


Fig.  333. 

Let  ABO  and  a'  b'o',^.  833.,  be  two  circular  arcs,  whose  middle 
pcnnts  are  B  and  b',  and  whose  centres  are  o  and  o'.     Let  this  figure 
IM  ggpposod  to  revolve  round  the  line  o  o'  as  an  axis,  and  it  will  pro- 
48  565 
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4iioB  Ihe  foftm  of  a  donUe  oaomjt  lens.  The  ooiieftvities  will  be 
equal  or  oneqael,  eeooiding  ae  the  ndii  0  B  tod  o'  b'  mifi  equal  or  qh- 
eqoaL 

III.  Plamheaneme  lem.    This  lens  may  be  oonerffod  to  be  pro- 
dboed  aa  follows : — 


Ftg.834. 

Lei  ABO,  j^.  884.,  be  a  ouenlar  aio,  whose  middle  point  is  B,  and 
whose  eentre  is  o.  Now  let  a'  b'  o^  be  a  straight  line  peipendicolsr 
to  o  B,  whose  middle  point  is  b'.  Let  this  figure  be  supposed  to  re- 
Tolvo  round  o  b  b'  as  an  axis,  and  it  will  produce  the  form  of  a  plano- 
ooncave  lens. 

1030.  The  axis  of  a  Itns.  —  In  all  these  forms  of  lens  the  line 
O  B  b'  is  called  the  axis  of  the  lens. 

1031.  The  effect  produced  by  a  lens  on  incident  rays. —  To  deter- 
mine the  effect  produced  on  a  pencil  of  rajs  bj  a  lens,  we  shall  first 
take  the  case  of  the  meniscus. 


Fig.  335. 

Let  Ojjig.  885.;  be  the  centre,  and  o  b  the  radius  of  the  concave 
surface  a  b  o.  Let  o'  be  the  centre,  and  o'  b'  be  the  radius  of  the 
oonvex  surface  a'  b'  (f.  Let  i  be  the  focus  of  a  pencil  of  rajs  inci- 
dent upon  the  surface  ABO.  Let  r'  be  the  focus  to  whieh  the  rays 
of  this  pencil  would  be  refracted  by  the  surface  A  b  o,  independently 
of  the  surface  a'  b'  o'. 

The  pencil  whose  focus  is  this  point  r'  will  then  be  incident  upon 
the  second  surface  a'  b'  (/  of  the  lens,  and  the  rays  from  this  pencil 
heme  again  refracted  by  the  second  surface  will  have  another  focus  R, 
which  will  be  the  definitive  focus  of  the  rays  after  refraction  by  both 
surfaces  of  the  lens. 

JjQ  this,  and  in  all  other  cases  d  lens,  it  will  be  neoevaiy  that  the 
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ihickneas  bb'  of  the  lena  may  be  disregarded,  being  inconsiderable 
eomparcd  with  the  other  magnitudes  which  enter  into  computation. 

^ow  let  the  distances  of  the  foci  J,  b',  and  B  from  the  middle  point 
B  or  B^  of  the  lens  be  expressed  respectively  hyf,f",  and/';  and 
let  the  radii  o  b  and  o'f  be  expressed  by  r  and  t^  ;  we  shall  then 
have,  by  what  has  been  already  exphdncd  respecting  refracting  sur- 
hces,  the  following  conditions : 

1       n       1  — n 

f    //-    /  • 

In  ihis  case  n  is  the  index  of  refraction  from  air  into  the  medium 
of  the  lens,  and  n^  is  the  index  of  refraction  from  the  medium  of  the 
lens  into  air. 

By  what  has  been  already  explained,  these  two  indices  are  recipro- 
cals, and  OQTisequently  their  product  is  equal  to  unity,  so  that  we  shall 
haT8  »  X  n^  =  1. 

Now  if  we  multiply  the  latter  equation  by  n,  we  shall  have 

n       n  X  n'_  n — n  x  n' 
jr.       J7--        p        ; 

bat  srnoe  »  X  fi^  =  1^  this  will  become 
jt  _1       n  — 1 

\j  armlniiing  this  with  the  first  equation  we  shall  have 

1_1  _1  — »      1  — »  .    .    (k). 
7     /'"      r     --?- 

By  these  conditions  the  distance/'  can  always  be  determined  when 
ff  r,  f^f  and  n  are  known ;  that  is  to  say,  the  position  of  the  focus  of 
refracted  rays  can  always  be  determined  when  the  position  of  the 
focus  of  incident  rays,  the  radii  of  the  lens,  and  the  index  of  refrac- 
tion are  known. 

This  formula  (e),  by  a  due  attention  to  the  signs  of  the  quantities 
which  compose  it,  may  be  applied  to  lenses  of  every  species.  If  the 
focus  of  incident  rays  lie  to  the  right  of  the  lens,  as  in^^.  335.,/ 
most  be  taken  to  be  positive;  if  to  the  left  of  the  lens,/  must  be 
taken  negatively.  If  the  centre  of  either  surface  lie  to  the  right  of 
the  lenSy  the  radius  will  be  taken  positively ;  and  if  to  the  left  of  the 
lensy  it  will  be  taken  negatively.  If  one  of  the  surfaces  of  the  lens 
be  a  plane  sur&oe,  it  may  be  considered  as  having  an  infinite  radius ; 
and  accordingly,  the  term  of  the  equation  (k)  in  the  denominator  of 
which  such  radius  enters  will  become  equal  to  0,  and  will  therefore 
disappear  from  the  equation. 

When  the  valoe  of/',  which  determines  the  distance  of  the  fooof 

I  ^W 


W  UOBT. 

of  xafhMtod  rqri  from  1^  wiU  him  been  fimnd  Ij  th^ 

niift  be  tiken  to  the  ri(^t  of  the  point  b  if  it  be  poritiTe^  aad  to 

the  left  if  it  be  native. 

n  deUrmifu  ike  prmapat  foeui  t^  a  Una. — If  the  inoi- 


deot  raTi  whose  fDoue  is  I  be  refimoted  penlMi  then  the  diirtanee/' 
of  the  fooos  of  zefraotion  from  b  will  be  infiDitOyand  ooneeqnentljy  we 

'  ihall  have  ^  =  0.    Now,  in  this  oaae,  i  will  be  the  principal  focut 

tftt  parallel  rays  inddent  npon  the  sorfiuM  a'  b'  o'.    Let  this  be  ex* 
pteieed  by  r,  and  we  shall  haye  by  the  equation  (i) 

1      1  — n      1— n 

7=~7 7^' 

from  which  we  infer, 

'-(l_n)(f/— r)    •    •    ^'^ 

a  formula  by  which  the  distance  of  the  focus  of  parallel  rays  incident 
npon  a'  b'  (?  can  always  be  calculated. 

If  the  incident  rays  be  parallel,  their  focus  i  will  be  at  an  infinite 

distance,  and  we  shall  have  -^  =  0.     In  this  case,  the  focus  R  wiU 

be  the  principal  focus  of  the  parallel  rays  incident  upon  the  sur&oe 

ABO. 

Let  the  distance  of  this  focus  from  B  be  expressed  by  i',  and  we 
■hall  find  as  before  from  equation  (e), 

Thus  it  appears  that  F  and  f'  differ  in  nothing  save  in  their  ngUi 
the  one  being  positive  and  the  other  negative ;  the  inference  from 
which  is,  that  parallel  rays,  whether  incident  on  the  one  or  the  othef 
surface  of  a  lens,  will  be  refracted  to  points  equally  distant  from  the 
lens,  but  on  opposite  sides  of  it. 

1033.  The  focal  length  of  a  lens.  —  The  common  distance  of 
these  principal  foci  from  the  lens  is  called  xhe  focal  distance  or  focal 
length  of  the  lens. 

1034.  7%e  meniscus,  double  convex^  and  planoconvex,  are  can- 
vergent  lenses. — If  the  lens  be  a  meniscus,  and  composed  of  a  re- 
fracting substance  more  dense  than  air,  it  will  render  a  parallel  pencil 
incident  upon  either  of  its  surfaces  convergent,  and  its  principal  fod 
will  consequently  be  real.  This  follows  as  a  consequence  fit>m  the 
formulse  (f)  and  (o) ;  for  in  the  case  of  a  meniscus,  r'  is  le»  than 
r,  and,  consequently,  the  value  of  F  given  by  the  formula  (f)  is  posi- 
tive, and  the  value  of  f'  given  by  the  formula  (o)  is  negi^ve ;  eon- 

^aqfoentlj,  tbe  foona  of  faniM  wja  VofiMb^^^YRi  a'  B'  a  Hes  to  the 
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rig^t  of  tlie  lens,  and  the  focuB  of  parallel  rays  incident  on  a  B  o 
li^  to  the  left  of  it  Parallel  rajs  arc  therefore  rendered  convergent 
after  refraction,  and  the  foci  are  real  in  whichever  direction  they  may 
pass  through  sach  a  lens. 

It  is  easy  to  show,  that  the  same  will  be  true  for  double  convex 
snd  plano-convex  lenses.  In  the  case  of  double  convex  lenses,  the 
ndius  r  is  negative  and  r'  positive ;  the  consequence  of  which  is,  that 
the  value  of  P  is  positive,  and  f'  negative.  In  the  case  of  plano- 
convex lenses,  the  radius  r  is  infinite,  and  the  formula)  (f)  and  (a) 
become 


»=  + 


ir=T'^""~;r=T- 


Thus  it  appears,  that  in  all  the  three  forms  of  convergent  lens, 
parallel  rays,  whether  incident  on  the  one  surface  or  on  the  other, 
sre  refracted,  converging  to  a  focus  on  the  other  side  of  the  lens ;  and 
the  foci  in  all  such  cases  are  cooscqucntly  real. 

1035.  ConeavixonveXf  double  concave,  and  plano-concetve^  are 
divergent  lenses.  —  It  is  easy  to  show,  by  the  same  formuhe,  that 
parallel  rays  incident  on  every  species  of  divergent  lens  will  be  re- 
fracted diverging  from  a  point  on  the  same  side  of  the  lens  as  that  at 
which  they  are  incident 

In  the  case  of  the  concavo-convex  lens,  the  radius  r^  is  greater  than 
the  radins  r;  and  since  n  is  greater  than  1,  the  value  of  f  (given  in 
the  formula  f)  will  be  negative,  and  the  value  of  f'  (given  in  the 
fonnula  o)  positive.  Thus  it  appears  that  the  principal  focus  of 
parallel  rays  incident  on  the  surface  A  B  Cjfig.  332.,  will  be  to  the 
right  of  B,  and  the  principal  focus  of  the  rays  incident  on  the  surface 
A'lf  d  to  the  left  of  b,  the  foci  in  each  case  being  at  the  same  side 
of  the  lens  with  the  incident  rays;  and,  consequently,  beiug  in  such 
case  imaginary. 

In  the  case  of  the  double  concave  lens,  the  radius  i^  is  negative ; 
and  since  n  is  greater  than  1,  the  value  of  f  will  be  negative,  and  that 
of  ^  positive. 

In  the  case  of  the  plano-concave  lens,  the  value  of  r'  is  infinite , 
and  nnce  n  is  greater  than  1,  f  will  be  negative,  and  f'  positive. 

Thus  it  appears  that  in  all  the  forms  of  divergent  lenses,  parallel 
rays  incident  upon  their  surfaces  are  refracted,  diverging  from  a  focus 
on  the  same  side  of  the  lens  as  that  at  which  they  are  incident. 

It  is  from  this  property  that  the  two  classes  of  convergent  and 
divergent  lenses  have  received  their  denomination ;  and  it  is  evident, 
thwerore,  that  the  meniscus  and  plano-convex  lens  are  optically 
equivalent  to  a  double  convex  lens,  and  tliat  the  concavo-convex  and 
plano-concave  lens  are  optically  equivalent  to  a  double  concave  lens. 

1036.  Cau  of  a  lens  with  equal  radii  and  convexities  in  the  same 
tbrtetunL  —  Among  the  varieties  presented  by  the  preceding  formubei 


IM  UGHT. 


ihinkMieieep«feiialoMevUQlii6qiiii#iio«io8.  IfliieiidaorilM 
tiro  maboBB  of  a  lens  bo  oqual,  and  thdr  oontns  bo  both  at  tho  ayno 
rido  of  the  UioBf  the  lena  will  hold  an  intermediato  {daoa  between  a 
neniaeoi  and  a  concayo-oonTez.  In  the  fimner,  tho  radiaa  of  tho 
oontez  aor&oe  la  lees  than  that  of  tho  ooneafo  snzfiwe;  and  in  the 
latter^  tho  radius  of  the  eonoaye  aor&oe  is  less  than  that  of  the  ooo- 
Tex  sor&oe.  These  radii  rni^t,  howeter,  bo  in  eaoh  case  as  nearly 
equal  as  poenble,  the  lenses  sotoall j  retsininff  their  specifio  charaotefs. 
lUeh  speoies,  therefore,  woold  approadi  indemuteiy  to  an  intermediate 
kns  whose  sarfiuses  would  have  eqnsl  radii 

It  is  evident  that  the  condition  which  wonld  render  eqoal  the  radii 
r  and  r^,  and  give  them  the  same  sign^  wonld  render  both  the  focsl 
distances  v  and  i'  infinite^  their  denominators  beins  nothing;. 

To  oominehend  this  it  is  only  neoessaiy  to  oonsi&r  that  in  the  esse 
of  the  meniscus  and  the  concayo-conyez  lens,  the  more  nearly  eoual 
iho  radii  r  and  r^  arOi  the  less  will  be  the  denominatofa  of  the  talues 
of  V  and  i' ;  and,  consequently,  the  greater  will  be  these  values  them- 
selves, and  if  we  suppose  the  difference  between  the  radii  to  be  in- 
finitely diminished,  the  values  of  i*  and  f'  will  be  infinitely  increased. 
These  conditions  lead  to  the  inference  that  if  the  radii  of  the  two  sur- 
fiices  be  equal,  the  focus  of  parallel  rays  incident  upon  these  two 
surfaces  will  be  infinitely  distant  from  the  lens,  that  is  to  say,  parallel 
rays  will  be  refracted  piurallel. 

Thus  it  appears  that  a  lens  formed  by  spherical  surfaces,  whose 
radii  are  equal,  and  whose  centres  lie  at  the  same  side  of  the  lens, 
will  have  no  effect  on  the  direction  of  rays  proceeding  throush  it,  and 
that  such  lens  will  be  equivalent  to  transparent  plates  with  parallel 
sorfiices.  ^ 

An  example  of  such  a  lens  as  this  is  presented  in  the  usual  form 
of  a  watch-glass. 

1037.  Lenses  may  he  solid  or  liquid,  —  Lenses  may  be  composed 
of  any  transparent  substance,  whether  solid  or  liquid. 

If  they  be  composed  of  a  solid,  such  as  class,  rock  crystal,  or 
diamond,  they  must  be  ground  to  the  requir^  form,  and  have  their 
surfaces  policed;  if  they  be  composed  of  liquid,  they  must  then  be 
included  between  two  lenses,  such  as  has  been  just  described,  having 
themselves  no  refracting  power,  and  having  the  form  required  to  ]^ 
given  to  the  liquid  lens. 

Thus,  two  watch-glasses,  placed  with  their  concavities  towards  each 
other,  and  so  inclosed  at  the  sides  as  to  be  capable  of  holding  a  liquid, 
would  form  a  double  convex  liquid  lens,  if  their  convexities  were 
nresented  towards  each  other,  they  would  form  a  double  concave  liquid 
lens. 

1038.  Ruks  for  finding  the  focal  length  of  lenses  of  glass.  — 
Xhe  material  almost  invariably  used  for  the  zormation  of  lenses  in 

optical  iDstnunenia  being  |jbuH^  i^  mill  be  nssAil  horo  to  jriyo  tho 
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principal  formubB^  showing  the  position  of  the  focus  in  lenses  of  this 
nAteTud. 

In  the  case  of  glass,  the  index  of  refraction,  the  incident  rays  beine 
npposed  to  pass  from  air  into  that  medium,  is  } :  the  formulss  (s^ 
and  (f)  therefore,  in  this  case,  become 

f-f-2?-2r-'    '     <^J- 

'  =  7zr7  •   •   •   (^)- 

By  the  latter  formula,  the  focal  length  of  a  glass  lens  can  always  be 
found. 

In  its  application,  howcTcr,  it  is  necessary  to  observe  that  when  the 
eonyexities  of  the  sur&ce  of  the  lens  are  turned  in  opposite  direc- 
tions, as  in  the  cases  of  double  convex  and  double  concave  lenses,  the 
denominator  will  be  the  sum  of  the  radii ;  and  if  they  are  turned  in 
the  same  direction,  as  in  the  case  of  the  meniscus,  and  the  concavo- 
oohtcx  lens,  it  will  be  the  difference  of  the  radii.  The  following 
nneTml  rale  will  always  serve  for  the  determination  of  the  focus  when 
both  Borfaees  of  the  lens  are  spherical 

RULE. 

Divide  twice  the  product  of  the  radii  by  their  difference  for  the 
f  and  concavo-convex  knees,  and  by  their  sum  for  the  double 
r  and  double  concave  lenses.     The  quotient  will  in  each  caje  be 
the  focal  length  sought. 

To  find  the  focus  of  a  plano-convex  or  a  plano-concave  lens,  we  are 
to  consider  that  it  has  been  already  proved  that  the  focal  length  \a 
fffen  bj  the  formula 

r 

md  nnoe  n  is  ^,  we  shall  have 

F  =  2r; 

that  is  to  say,  the  focal  length  of  a  plano-convex  or  plano-concave  lens 
is  doable  the  radius  of  the  convexity  or  concavity. 

If  a  double  convex  or  double  concave  lens  have  equal  radii,  then  the 
fennala  (i^)  becomes 

p  =  r. 

The  focal  length,  therefore,  of  such  a  lens  is  equal  to  the  radius  of 
other  sn&oe. 

1 2  MV 


IMr 
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Vor  dM  MOM  elut  tt  km  th*  ftnuiik  (^ 
111 

wbere  r  ezprenea  the  common  nuifnitada  of  the  ndii  of  the  two 
IVom  thifl  we  infer. 


/*  =  : 


fbllowiiu^  ru] 
nji^  when' the  fbooB  of  inci^nt  rajs  is  giyeni 


whieh  inpplieB  the  fbllon 


nde  fixr  finding  the  feeoa  of  refracted 
trajsi 

BUIJL 

MuUifly  the  eomman  radius  of  ike  two  sutfauM  hw  tie  distanee 
€f  the  focus  of  inddeni  ruys  from  the  lens,  and  divide  the  mrodmU 
ijf'tke  differtMce  between  tfw  radius  and  the  distanee  of  the  focus  of 
ineideni  rays  from  the  lens. 

If  the  distance  of  the  focus  of  incident  rajs  from  the  lens  in  this 
case  be  less  than  the  radins,  the  value  of  /'  will  be  positive,  and  the 
focus  of  refracted  rays  will  lie  at  the  same  side  of  the  lens  with  the 
focus  of  incident  rays ;  but  if  the  value  off  be  greater  than  r,  then 
the  value  off  will  be  negative,  and  the  focus  of  refracted  rays  will  lie 
at  the  other  side  of  the  lens. 

1039.  Case  of  secondary  pencils, — We  have  here  considered  those 
cases  only  in  which  the  focus  of  the  incident  pencil  is  placed  upon 
the  axis  of  the  lens,  or  of  pencils  whose  rays  are  parallel  to  that  axis. 
The  focus  of  the  refracted  rays  may,  however,  be  determined  by  the 
same  formula  for  sccoifdary  pencils  whose  axes,  passing  through  the 
centre  of  the  lens  b,  are  inclined  to  its  axis,  provided  only  the  incli 
nation  be  not  so  ^reat  as  to  produce  such  spherical  aberration  as  may 
prevent  the  rays  from  having  an  exact,  or  nearly  exact,  focus. 

1040.  Field  of  a  lens.  Opening  of  a  lens.— It  x  x\fg.  386.,  be 
the  axis  of  the  lens,  and  Y  y  be  the  greatest  angle  at  which  the  axis 
of  the  secondary  pencil  can  be  inclined  to  x  x',  so  that  the  rays  may 
have  a  nearly  exact  focus,  the  angle  included  between  the  two  second- 
ary pencils  y  y'  is  called  the  field  of  the  lens. 


Fig.  336. 


W^ 
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The  angle  formed  by  lines  drawn  from  the  edge  of  the  lens  to  its 
principal  focus  is  called  the  opening  of  iJie  lens ;  and  this  opening  can- 
not in  general  exceed  10^  or  12^  without  producing  an  aberration  of 
sphericitjy  which  would  prevent  the  rajs  of  the  pencil  incident  upon 
it  from  having  an  exact  focus. 

1041.  Images  farmed  by  lenses.  —  The  images  of  objects  formed 
by  lenses  are  explained  upon  the  same  principles  as  have  already  been 
applied  to  the  case  of  spherical  surfaces.  If  an  object,  whether  it  be 
Klf-luminous  like  the  sun,  or  receive  light  from  a  luminary  like  the 
moon,  be  placed  before  a  lens,  each  point  upon  its  surface  may  be 
considered  as  a  point  from  which  light  radiates  in  all  directions.  Such 
a  point  will  be  then  the  focus  of  a  diverging  pencil  incident  upon  the 
lens,  the  base  of  the  pencil  being  the  surface  of  the  lens. 

If  the  pencils  which  thus  diverge  from  all  points  of  the  object  be 
rendered,  after  refraction  by  the  lens,  convergent,  they  will  have  real 
foci  on  the  other  side  of  the  lens,  and  the  assemblage  of  such  foci 
will  form  an  image  of  the  object.  But  if  these  pencils,  after  pass- 
ine  through  the  lens,  be  divergent,  their  foci  will  be  imaginary,  and 
wul  be  placed  at  the  same  side  of  the  lens  with  the  object. 

These  pencils  would  in  such  case  be  received  by  an  eye  on  the 
other  side  of  the  lens  as  if  they  had  originally  proceeded  from  these 
pdnts,  which  are  the  foci  of  the  refracted  pencils. 

The  assemblage  of  these  points  would  thus  form  an  imaginary 
image. 

All  these  circumstances  are  analogous  to  those  which  have  been 
already  explained  in  the  case  of  reflectors.  They  will,  however,  be 
xendered  still  more  intelligible  by  explaining  their  application  to 
glua  lenses. 

1042.  Every  lens,  whatever  he  its  form,  can  he  represented  hy  a 
iamble  convex  or  double  concave  lens  with  equal  radii.  —  Since  all 
ooDveipng  lenses,  having  equal  focal  lengths,  arc  optically  equivalent, 
a  doaUe  convex  lens  with  equal  radii  can  always  be  assigned,  which 
ia  the  optical  equivalent  of  any  proposed  converging  lens,  whether  it 
be  meniscus,  double  convex  with  unequal  radii,  or  plano-convex. 

Since,  in  like  manner,  all  diverging  lenses  having  equal  focal 
lengths  are  optically  equivalent,  a  double  concave  lens  with  equal 
radii  may  always  be  assigned,  which  is  the  optical  equivalent  of  any 
proposed  diverging  lens,  whether  it  be  concavo-convex,  double  con- 
cave with  unequal  radii,  or  plano-concave. 

1043.  Image  formed  by  double  convex  lens.  —  It  will  therefore  bo 
lafficient  to  investigate  the  effects  of  double  convex  and  double  con- 
cave lenses  with  equal  radii. 

Let  A  B  Cfjig.  337.,  therefore,  be  a  double  convex  lens,  with  equal 
ladii ;  and  let  L  m  be  an  object,  the  centre  of  which  is  upon  the  axis 
of  tiie  lens,  and  placed  beyond  the  principal  focus  F.  Let  the  distance 
of  thia  object  from  b  be  expressed  by/;  let  the  distance  of  its  image 
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CHnot  the  &teiioe  of  the  object  fiom  the  leni  if  eappoeed  to  he 
greater  than  b  f,  we  shall  have/ greater  than  r ;  and  conseqnendj /* 
will  be  negatiye,  which  indicates  that  the  image  of  L  M  will  lie  on  the 
other  side  of  the  lens. 

It  appears  also,  by  the  preceding  formula,  that  the  distance/*  of 
the  image  from  the  lens  will  be  greater  than  r,  and  the  image  /m 
will  therefore  lie  beyond  the  point  F^. 

If  wo  draw  lb/,  this  line  will  be  the  secondary  axis  of  the  pendl 
whose  focus  is  at  l,  and  consequently  the  focus  of  refracted  rays  will 
be  at  /;  so  that  an  image  of  the  point  L  will  be  formed  at  /.  in  like 
manner  it  may  be  shown,  that  an  image  of  the  point  M  will  be  formed 
at  m ;  and  in  like  manner  the  images  of  all  the  points  of  the  object^ 
SQch  as,  1,  2,  3,  4,  5,  between  l  and  m,  will  be  formed  at  correspond* 
ing  points  I,  2,  3,  4,  5  between  I  and  m.  It  is  evident^  therefore, 
that  in  this  case  the  image  will  be  inverted. 

1044.  ComditwM  ithick  determine  the  magnitude  of  the  mage. — 
Bince  the  axis  of  the  extreme  secondary  pencils  L  /  and  M  m  intersect 
at  the  centre  of  the  lens,  we  shall  have  the  following  proportion : — 


LM  :  /m  : :  LB  :  /b; 


c^,  which  is  the  same, 


LM  :  Zm  ::/  if; 


that  is  to  say,  the  magnitude  of  the  object  is  to  that  of  its  image,  as 
their  distances  respectively  from  the  lens.  The  image,  therefore, 
will  bo  greater,  equal  to,  or  less  than  the  object,  according  as  /^  is 
greater,  equal  to,  or  less  than  /. 

Now,  it  appears  by  the  preceding  formula,  that  if/ be  equal  to  2  r, 
/'  will  also  be  equal  to  2  r;  that  is,  if  the  distance  of  the  object 
Amn  the  lens  be  twioe  the  focal  length  of  the  lens,  the  distance  cdP 
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the  imige  on  the  other  side  of  the  lens  will  also  be  twice  the  focal 
length ;  the  image,  therefore,  in  this  ctise  will  be  equal  to  the  object 

An  object  l  m  being  moved  towards  F,  so  aii  to  have  less  distance 
from  the  lens  than  twice  its  focal  length,  the  value  f  given  by  the 
preceding  formula  becomes  greater  than/,  and  increases  as  the  object 
approaches  F.  It  appears,  therefore,  that  as  L  M  approaches  f,  it« 
image  I  m  recedes  from  f  in  the  direction  f'  x',  and  that  consequently 
the  distance  of  the  image  from  the  lens  being  greater  than  that  of 
the  object,  its  magnitude  will  be  greater  in  the  same  proportion. 

When  the  object  L  M  comes  very  near  F,  the  denominator  in  the 
preceding  fbrmuhi  becoming  very  small,  the  magnitude  of  /'  becomes 
fery  great,  and  if  we  suppose  l  M  to  arrive  at  f,  then  the  denomi- 
nator becomes  o,  the  value  of  f  becomes  infinite,  and  consequently 
the  image  Im  would  recede  to  an  infinite  distance  from  the  lens,  and 
in  efiect  cease  to  exist. 

This  circumstance  is  only  what  might  have  been  anticipated ;  for 
when  an  object  L  M  is  placed  at  f,  a  pencil  of  rays  proceeding  from 
any  point  in  it,  such  as  L,  will,  after  passing  through  the  lens,  Ix^come 
panllel;  and  having  no  point  of  convergence,  it  cannot  form  an  image 
of  the  pencil  L ;  and  the  same  will  be  true  of  any  point  in  the  object. 

Bat  although  no  image  of  the  object  thus  placed  in  the  principal 
fiwos  of  the  kns  will  thus  be  formed,  the  lens,  in  such  a  position 
with  reference  to  the  object,  is  attended  with  optical  effects  of  great 
importance,  which  will  be  explained  hereafter. 

jLot  ns  again  suppose  an  object  l  m  placed  at  a  distance  from  the 
lens  equal  to  twice  its  focal  length,  and  the  image  I  m  placed  at  an 
mal  distanoe  at  the  other  side  of  the  lens.  If  we  now  suppose  the 
ODJecty  instead  of  approaching  f,  to  recede  from  it  in  the  direction 
r  Zj  the  distance /being  greater  than  2  r,  it  follows  that  the  magni- 
toda  of  f  will  be  less  than  2  r ;  and  the  farther  the  object  l  M  is  re- 
moved from  the  lens,  and  consequently  the  more  its  distanoe  from  the 
lens  exceeds  twice  the  focal  length,  the  nearer  will  the  image  2  m  ap- 
profteh  to  f'. 

1045.  Images  of  very  distant  objects  are  formed  at  the  principal 
fbeus.  —  K  we  suppose  the  object  l  m  to  recede  to  a  distance  actually 
infinite,  then  the  value  of  /'  would  become  equal  to  r,  and  the  image 
/  m  would  coincide  with  the  principal  focus  v'.  This  would  lead  to  the 
inference  that  the  image  of  a  distant  object  can  never  be  in  the  principal 
ibcas  of  the  lens,  because  such  a  supposition  would  involve  the  con- 
dition that  the  distance  of  the  object  must  be  actually  infinite. 

Bat,  practically,  it  is  found,  Uiat  if  the  diameter  of  the  lens  beai 
■n  insignificant  proportion  to  the  distance  of  the  object  from  it,  the 
image  of  the  object  will  be  formed  at  its  principal  focus.  This  is 
esmj  explained  by  reference  to  the  conditions  which  determine  the 
position  of  the  principal  focus. 

It  will  be  recollected,  that  the  point  f'  is  the  focus  to  whieh  pand- 
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U  njs  inoideni  upon  the  kni  ab 0  would  be  made  to  eon^ergfc 
NoWi  if  L  M  be  80  dutent  from  tbe  lens  tbat  the  rajs  prooeeding  frmn 
•aj  point  upon  it,  looh  as  L^  and  inddent  upon  the  bou,  nuT  ^  eoD- 
njered  m  mnllely  theae  raja  wiU  oonTcige  to  the  prindpal  Idcus. 

This  wiU  be  the  oaae,  pnmded  that  the  diameter  of  the  lena,  which 
ia  that  of  the  base  of  the  penoil,  ia  ineomperably  leas  than  the  dia- 
tanoe  of  the  obieot  from  the  lena.  Thns,  let  na  aappoae  the  diameter 
of  the  base  to  be  4  incheti  and  the  distance  of  the  object  to  be  80 
ftet;  the  distance  will  in  thu  case  be  240  timea  the  diameter  of  the 
kna,  ud  the  an^  of  diTergenoe  of  the  pencil  wonld  conaeqnentlj  be 
lets  than  a  quarter  of  a  de^^ee.  A  pencil  which  haa  aoch  a  diveig- 
enee  aa  thia  woold  be  refrMted  to  a  point  not  aensibly  diflhrent  frwi 
the  principal  Ibeaa. 

It  ia  erident^  that  aa  an  olgeet  recedea  to  an  inoreannff  diatanee 
from  the  lens,  the  image  approaching  the  principal  feena  ^  diminishHi 
in  magnitode  in  pro^artion  to  the  diatanoe  from  the  lena;  and  when 
the  image  ia  fonned  at  the  principal  fbcnSi  the  lines  In,  m  b  dnwn 
from  its  extremities  to  the  centre  of  the  lens  will  form  an  angle  eqoal 
to  that  which  would  be  formed  by  lines  drawn  from  the  extremities 
of  the  object  to  the  same  point. 

1046.  Experimental  iUtutraiiont. — All  these  circumstances  admit 
of  easy  experimental  verification.  Let  p  be  a  point  on  the  axis  at  a 
distance  from  B  equal  to  2  B  f,  so  that  p  v  shall  be  equal  to  b  f.  -— 
Let  the  flame  of  a  candle  be  held  at  L  M  between  f  and  p,  the  lena 
AO  being  inserted  in  an  aperture  formed  in  a  screen  so  as  to  exclude 
the  light  of  the  candle  from  the  space  to  the  left  of  the  lens.  If  a 
white  screen  be  held  at  right  angles  to  the  axis  and  behind  the  lens, 
and  be  moved  to  and  fro,  until  a  distinct  inverted  image  of  the  candle 
shall  be  seen  upon  it,  its  distance  from  the  lens  when  this  takes  plsoe 
will  be  found  to  be  greater  than  twice  the  focal  length,  and  to  corre- 
spond exactly  with  that  which  would  be  computed  by  the  preceding 
formula.  If  the  candle  be  moved  towards  p,  the  image  will  become 
indistinct  upon  the  screen,  but  will  recover  its  distinctness  by  moving 
the  screen  towards  f';  and  if  the  candle  be  placed  at  p,  the  screen 
being  placed  at  a  distance  from  B  equal  to  twice  B  f',  a  distinct  ims^e 
will  be  formed  on  the  screen  equal  in  magnitude  to  the  olject.  IF 
the  candle  be  moved  from  p  towards  x,  Uie  screen  must  bid  moved 
towards  J^  to  preserve  the  image  distinct;  and  if  the  candle  be  gradu- 
ally moved  in  the  direction  p  x,  the  screen  must  be  continually  moved 
towards  f'.  If  the  candle  be  moved  to  so  great  a  distance  firom  the 
lens  that  the  diameter  of  the  lens  shall  have  an  insignificant  proper* 
tion  to  its  distance,  then  a  distinct  image  will  bo  form^  on  the  screen 
placed  at  the  principal  focus  f'.  If  the  candle  be  placed  at  the  prin- 
cipal focus  F,  then  the  screen  will  show  no  image  of  it  in  whatever 
position  it  may  be  placed  behind  the  lens,  but  wiU  exhibit  merely  an 
lUominated  diisk  formed  by  parallel  raya  composing  the  refiaoted 
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pencils  into  which  the  pencils  proceeding  from  such  point  of  the 
candle  are  converted  hy  &e  lens. 

Let  us  now  suppose  such  object  placed  at  L  M,^.  338.,  between  the 
principal  focus  r  and  the  lens.     In  this  case,  /  being  less  than  r,  the 


Fig.  338. 

Talue  of/'  obtained  by  the  preceding  formula  will  be  positive,  and, 
consequently,  the  focus  of  refracted  rays  will  lie  at  the  same  side  of 
the  lens  with  the  focus  of  incident  rays.  If  then  the  pencil  of  rays 
diverging  from  L  pass  through  the  lens,  it  will  after  refraction  diverge 
from  the  point  /,  more  distant  from  the  lens  than  L.  In  like  manner, 
the  pencil  diverging  from  M  will  afler  passing  through  the  lens  diverge 
from  m ;  and  the  same  will  be  true  of  all  the  intermediate  points  of 
the  object,  so  that  the  various  pencils  which  diverge  from  differ* 
ent  points  of  the  object  and  pass  through  the  lens  will  after  refrao- 
tioQ  diverge  from  the  corresponding  points  of  Im.  The  image,  there- 
fore, in  this  case  will  be  imaginary,  and  an  eye  placed  to  the  left  of 
the  lens  A  b  o  would  receive  the  rays  of  the  various  pencils  as  if  they 
diverged,  not  from  a  point  of  the  object  l  m,  but  from  points  of  the 
imaginary  image  Im, 

GSie  magnitude  of  the  image  in  this  case  will  be  greater  than  the 
object  in  the  same  proportion  as  Z  b  is  greater  than  L  b. 

As  the  obiect  lm  is  moved  towards  f,  its  distance /from  the  lens 
will  approach  to  equality  with  r,  and  the  denominator  of  /'  in  the 
preceding  formula  diminishes,  and  consequently  the  distance  of  its 
mige  from  the  lens  will  be  proportionally  increased ;  therefore,  as  the 
Object  L  M  is  moved  towards  f,  its  image  lm  will  recede  indefinitely 
ftooL  the  lens,  and  would  become  infinite  in  distance  and  magnitude 
whea  the  otgeot  arrives  at  f,  which  is  consistent  with  what  has  been 
already  explained  of  the  principal  focus. 

It  appears,  therefore,  that  whenever  the  object  is  between  the  prin* 
dpal  focus  and  the  lens,  its  image  will  be  at  a  greater  distance  from 
the  lens  on  the  same  side  of  it^  and  will  be  ercct^  imaginary,  and 
greater  than  the  object 

1047.  Images  formed  hy  concent  lenses,  —  If  an  object  L  M,^. 
889.,  be  placed  before  a  double  concave  lens  a  b  o,  the  focus  corre 
i^xmdinff  to  the  several  points  of  the  object  will  lie  between  the  object 
and  the  lens,  at  distances  determined  by  the  formula 
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Ik  11  efidmit  from  this  fbranila  thai/' 18  le«  tban/ and  tliatooii- 
■atpentlj  tlie  distenoe  of  die  image  {»  from  the  lena  is  kaa  than  the 
^Mlaiioe  of  the  ofcjeet  from  it.  It  ^ppean  alao  thai  the  distanoea 
/Badf  inenaae  and  diminiah  tc^gethery  so  thai  when  the  diataaoe  of 
pi  ol^^  from  the  kna  l  m  ia^angmented,  the  diataaee  of  ita  image 

•fth§  diataooe  of  tha  iaoMga  from  the 
la  fbeal  kngth  of  the  lana^  beoanae, 
k oli!}eei  ia  mdefinitelymowaaed, the vahie oif 
[  from  the  fbrmok  approaohea  indefinitely  to  equality  with  r, 
though  it  can  only  become  eqiud  to  it  when  the  distance  of  the  object 
heoomea  infinite. 

1048.  Spherical  aherratum. — We  have  hitherto  conndered  thai 
the  penoila  of  rajs  preceding  from  the  lena  were  brought  to  an  exact 
fbeua,  and  this  would  be  practicallj  the  case  if  the  angles  of  incidence 
of  the  extreme  rays  of  the  pencils  do  not  exceed  a  certain  limit;  but 
H  from  the  magnitude  of  the  lens,  or  the  proximity  of  the  object, 
ttis  be  not  the  case,  cfilects  will  be  produced  which  have  been  called 
tpkerieai  aberraiUm,  which  it  will  be  neoessaiy  here  mora  dearly  to 
flZj^ain. 

Ijet  AB  o,fg.  840.,  be  a  plano-convex  lens,  having  ita  plane  rida 


Fig.S4a 


Fig.  941. 


proaonted  to  the  inddent  rays.  Let  a  circular  disk  of  card  or  sufii- 
eiently  thick  paper  be  formed,  a  little  less  in  diameter  than  the  lens, 
and  let  it  be  attached  concentrically  with  the  lens  upon  the  plane  side, 
BO  as  to  leave  a  narrow  ring  of  the  glass  uncovered  round  the  edge  of 
the  lens,  as  represented  in^.  341. 
If  tlua  lena  be  now  presented  to  a  diatant  object^  aooh  aa  the  soft, 
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^iM  bat  ihe  extreme  rays  of  eaob  pencil  will  pass  tbrongh  it,  and  ao 
image  will  be  formed  of  the  san  bj  these  extreme  rays  at  F,  which 
will  therefore  be  the  principal  focus  of  an  annulus  of  parallel  rays 
passing  through  the  edge  of  the  lens.  Now  let  another  circular  piece 
of  paper  or  card  be  cut  so  as  to  cover  an  annular  surface  surrounding 
the  edge  of  the  lens,  and  another  to  cover  the  central  portion  of  it, 
so  as  to  leave  a  ring  of  the  surface  uncovered  at  some  distance  within 
the  edge,  as  represented  in^.  342.  The  lens  being  again  presented 
to  the  sun,  it  will  be  found  that  an  image  will  be  formed  at  t'yjig* 
UO.y  somewhat  more  distant  from  the  lens  than  v. 

®    O 


Fig.  342. 


Fig.  343. 


If,  in  fine,  a  disk  of  card  be  out,  equal  in  magnitude  with  the  lens, 
liaving  a  sniall  droular  aperture  at  its  centre,  as  represented  in  Jig. 
843.,  and  be  in  the  same  manner  attached  to  the  lens,  so  as  to  allow 
only  the  central  rays  of  each  pencil  to  pass,  an  image  of  the  sun  will 
be  formed  at  i^',^.  340.,  still  further  from  the  lens. 

It  appean,  Uierefore,  that  those   rays  of  the  pencil  which  are 
nearest  uie  centre  will  have  a  focus  further  from  the  lens  than  those . 
which  are  more  distant  from  it,  and  the  more  distant  the  rays  of  each 
peneQ  are  from  the  axis  of  the  lens,  the  nearer  theur  focus  will  be  to 
the  lens. 

If  the  lens  bein^  uncovered  be  therefore  presented  to  the  sun,  the 
rays  incident  near  its  edge  will  be  refracted  to  the  focus  r,  and  after 
passing  that  foens  will  £verge  in  the  direction  f  l  and  f  m.  The 
rays  incident  nearer  to  the  centre  will  intersect  at  f",  and  will  diverge 
to  i/  m'i  while  the  rays  nearer  the  axis  will  intersect  at  f''. 

1049.  LongUudirud  and  lateral  aberrations.  —  The  distance  F  i^' 
measured  on  the  axis  between  the  focus  of  the  extreme  rays  which 
pass  through  the  edge  of  the  lens,  and  the  focus  of  the  central  rays 
along  which  the  foci  of  all  the  intermediate  rays  are  placed,  is  called 
the  umgiiudinal  aherraiion :  the  point  f'',  which  is  the  focus  of  the 
central  rays,  is  called  the  principal  focus  of  the  lens; 
and  the  circle  whose  diameter  is  L  m,  over  which  the  rays 
are  spread,  is  called  the  lateral  aberration. 

1050.  Experimental  illuslration. — These  efiects  may 

be  rendered  apparent  by  holding  a  white  screen  at  f",  at 

right  angles  to  the  axis  of  the  lens.     An  image  of  the 

Fig.  344.    Bun  will  be  formed  round  i^,  and  beyond  the  edge  of 


110  LIGHT. 

thig  iBiago  ^ill  be  formed  a  rltig  or  halo  of  light^  growing  famter 
from  the  central  imag^  outwardo,  as  rc^preeetited  inj^.  344. 

1051.  Magnitude  of  spherical  ahtrration  in  dijfrrent  formM  of 
Units.  —  TLe  mngDitude  of  the  spheric&l  aberratigD  varies  id  the 
diffBrent  forms  of  len^s. 

1,  Tn  &  plano-conTcx  lens  with  its  plane  ©(ie  tm^ed  to  paiallol 
Tsys,  that  is,  turned  to  di^timt  objects  if  it  is  to  form  an  image  behind 
it,  or  turned  to  the  eye  if  it  la  to  bo  used  in  magnifying  a  near  object, 
the  gpberical  aberration  will  be  4  j  times  the  thickness, 

2.  In  a  plano-PODVcr  lens  with  its  convex  side  turned  towards 
parand  raje,  the  aberration  is  only  l^^^  of  its  thictnesB.  In  using 
a  plano-convex  lenB,  therefore,  it  should  always  be  so  placed  that 
parallel  raya  either  enter  the  convex  surface  or  emerge  from  it. 

3.  Tn  a  double  convex  Icna  with  equal  oODventies,  the  abemtion 
is  1  {^  of  ite  thickness. 

4,  In  a  double  convex  lens,  having  its  mdii  as  2  to  fi,  the  aberra- 
tion will  be  the  same  as  in  a  piano-eon  vex  lens  in  Rule  1-,  if  the  side 
whoae  radius  is  5  is  turned  towards  pamllel  rays ;  and  the  same  ae  the 
plano-convex  lens  in  Rule  2.,  if  the  side  whose  radius  is  2  is  turned 
to  parallel  rays. 

6,  The  lena  ^hich  haa  the  least  aph(>ncal  abenation  is  a  double 
cottvpx  onoj  whose  radii  arc  as  1  to  C.  WTien  the  face  whose  radius 
is  1  is  turned  towards  parallel  rays,  the  abeiratJOD  is  only  IjJ^y  of  its 
thickness. 

These  results  are  equaUy  true  of  plano-eoncave  and  double  concave 
lenses. 

If  we  suppose  the  lens  of  least  spherical  aberration  to  have  its 
aberration  equal  to  1,  the  aberration  of  the  other  lenses  will  h«  as 
follows ;  — 

Beat  form,  at  in  Bule  6 1000 

Double  coavei  or  concare,  with  *qu*l  cnrTiitur«a..,„»**,  l'66l 

Plaoo-CQiiTei  or  concave  in  beat  poBition,  as  in  Rule  2..  l-OPS 

Plano-ooiiTex  or  conoave  in  worst  position,  as  in  Rale  1.  4-206 

CHAP.  XI. 

ANALT6I8  OF  LIGHT. 

1052.  SoloT  light  a  compound  principle.  —  In  the  preceding  chap- 
ten,  light  has  been  regarded,  in  relation  to  transparent  media,  as  a 
simple  and  nncompounded  principle,  each  ray  composing  a  pencil  being 
anbiect  to  the  same  effects. 

That  all  light  is  not  thus  subject  to  uniform  effeots,  is  rendered 
vsmfest  by  the  following  experiment  of  Newton : — 
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Lot  a  pencil  of  parallel  rays  of  solar  ligbt  bo  admitted  through  % 
eireular  opening  p,^.  845,  about  half  an  inch  in  diameter,  made  in 


Fig.  345. 

a  i^feen  or  partition  s  t,  all  other  light  being  excluded  from  the  space 
iiito  which  the  pencil  enters.  If  a  white  screen  x  z  be  placed  pandlel 
to  ST,  and  at  a  distance  from  it  of  about  12  feet,  a  cirouUur  spot  of 
Ijg^t  nearly  equal  in  diameter  to  the  hole  will  appear  upon  it  at  p^, 
the  point  where  the  direction  of  the  pencil  meets  the  screen.  Now 
let  a  glass  prism  be  pUiced  at  abo,  with  the  edge  of  its  refraeting 
angle  B  in  a  horiaontu  direction,  and  presented  downwards  so  as  to 
Teodye  the  pencil  upon  its  side  a  b  at  Q.  According  to  what  has 
been  already  exphiined,  the  pencil  would  be  refract^,  in  passing 
through  the  snr&oe  A  b,  in  the  direction  Q  L  towards  the  perpendicu- 
kr ;  and  it  would  be  again  refracted  in  emerging  from  the  surface  OB 
from  the  perpendicular  in  the  direction  l  k.  It  might  therefore  be 
expected  that  the  effect  of  the  prism  would  be  merely  to  move  the 
^t  of  light  from  p^  to  some  point,  such  as  K,  more  eleyated  upon 
the  screen.  The  phenomenon,  however,  will  be  very  different  In- 
stead of  a  spot  of  light,  the  screen  will  present  an  oblong  coloured 
space,  the  outline  of  which  is  represented  at  M  N  as  it  w<mld  appear 
when  Tiewed  in  front  of  the  screen. 

1053.   TVie  prismatic  spectrum.  —  The  sides  of  this  oblong  figure 
are  parallel,  straight,  and  vertical;  its  ends  are  semi-cirottbir,  and  its 
length  oonsists  of  a  series  of  sevei^  spaces,  vividly  coloured,  the  lowest 
49*  ^%\ 


in  UOHT. 

qpn» briag ved, E ;  thoMCftiaiMeDdingoniige^o;  inddiai 
incnioes7dknr|T;  gnMii|0;  light  Uiie,B;  diiik  Una  or  indigD^  x; 
wSif  in  finei  Tiolet,  Y. 

Theae  aeferal  coloured  ipaoea  are  nather  equal  in  magmtnda  nor 
unifinrm  in  colour.  The  red  apace  B,  commendng  aft  the  loweat  pdnt 
with  a  £uuit  red,  inereaaea  in  brillianoj  and  intenaify  upwaida.  The 
redf  lonng  ita  intenai^,  fpradually  rndta  into  the  onnge,  ao  that  there 
ia  no  definite  line  indicatiog  where  the  red  enda  and  tlw  orange  b^g^la. 
In  the  aame  manner,  the  orange,  attaining;  ita  RreatM  intenai^  near 
die  fluddle  of  the  apace,  gradually  meha  into  the  jdlow;  and  in  the 
aame  manner,  eadli  of  the  anoceeding  colonia,  having  thieir  g^eateat 
intenritiea  near  the  middle  of  the  apaeei^  mdta  towanb  ita  extremitiea 
bto  die  a4}aoent  odonra. 

13m  proportion  of  the  whole  length  ooeuined  by  each  apace  will 
depend  imoa  the  aortof  ^laaa  of  which  the  priam  ia  compoaed.  If  it 
be  flimi*|^aaa,  and  the  entnre  length  m  n  be  auppoaed  to  conaiat  of  860 
equal  ptfti,  the  following  will  be  the  length  of  each  anoceeding  colour, 
commeu(»ng  from  the  red  upwards. 

Red 66 

Orange 27 

Yellow 27 

Green 46 

Blue 48 

Indigo 47 

Violet 109 

860 

It  appears,  therefore,  that  the  ray  of  light  p  Q,  after  passing  throngk 
the  pnam,  ia  not  only  deflected  from  its  original  course  P  Q  P^,  but  U 
ia  resolved  into  an  infinite  number  of  separate  rays  of  light  which  di 
TBige  in  a  fanlike  form,  the  extreme  rays  being  L  K  and  L  K',  tho 
former  being  directed  to  the  lowest  point  of  the  coloured  space  upon 
the  screen,  and  the  latter  to  the  highest  point  Hie  coloured  space 
thua  formed  upon  the  screen  is  called  the  priimatic  spectrum. 

1054.  Composition  of  solar  light,  —  From  this  experiment  the* 
foUowiuff  consequences  are  inferred : — 

^  1.  Solar  light  is  a  compound  principle,  composed  of  several  partb 
^fferiDff  from  each  other  in  their  properties. 

2.  The  several  parts  compoeiDg  solar  light  differ  from  each  other 
in  refrangibilitv,  those  ravs  which  are  directed  to  the  lowest  part  of 
the  spectrum  being  the  least  refrangible,  and  those  directed  to  the 
highest  part  being  the  most  refrangible;  the  rays  directed  to  the  in- 
termediate parts  having  intermediate  degrees  of  refranffibility. 

8.  Rays  which  are  differently  refrangible  are  idso  difierently 
ooloured. 

4.  The  least  refinngible  rays  oompoaine  solar  light  are  the  red  raya, 
W^iob  compose  tht  loweat  dhinon  ai  of  the  apMtrum.    But  theae 
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led  njB  are  not  all  equally  refrangible,  nor  are  they  preciRclj  of  the 
nme  colour.  The  most  refrangible  red  rays  are  those  which  are  de- 
flected to  the  lowest  point  of  the  red  space  R,  and  the  least  refran- 
gible are  those  which  are  directed  to  the  point  where  the  red  melts 
into  the  oranee.  Between  these  there  are  an  infinite  number  of  red 
raya  having  intermediate  degrees  of  refrangibility.  The  colour  of 
the  red  rays  yaries  with  their  refrangibility,  the  most  intense  red  be- 
ing that  of  rays  whose  refrangibility  is  intermediate  between  those  of 
the  extreme  rays  of  the  red  space. 

The  same  observations  will  be  applicable  to  rays  of  all  the  other 
colours. 

5.  Each  of  these  components  of  solar  light  having  a  different  re- 
frangibility will  have  for  each  transparent  substance  a  different  index 
of  refriustion.  Thus  the  index  of  refraction  of  the  red  rays  will  be 
IcBA  than  the  index  of  refraction  of  the  orange  rays,  and  these  latter 
will  be  less  than  the  index  of  refraction  of  the  yellow  rays,  and  so  on,  the 
index  of  refraction  of  violet  rays  being  greater  than  for  any  other  colours. 

But  the  rays  of  each  colour  being  themselves  differently  refrangible, 
according  as  they  fall  on  different  parts  of  the  coloured  space,  they 
will,  strictly  speaking,  have  different  indices  of  refraction.  The  index 
of  xefraction,  therefore,  of  any  particular  colour  must  be  understood 
as  Axpressing  the  index  of  refraction  of  the  middle  or  mean  ray  of 
thiit  particular  colour.  Thus,  the  index  of  refraction  of  the  red  rays 
will  be  the  index  of  refraction  of  the  middle  ray  of  the  red  space ; 
the  index  of  refraction  of  the  orange  rays  will  be  the  index  of  re- 
fraction of  the  middle  ray  of  the  orange  space;  and  so  on. 

It  must  not,  however,  be  supposed  that  a  pencil  of  solar  light  con- 
sists of  separate  and  distinct  rays  of  the  different  colours  which  form 
the  spectrum^  so  that  it  might  be  possible  by  any  mcchaniciil  division 
of  such  a  pencil  to  resolve  it  into  such  rays.  Each  individual  ray  of 
such  a  pencil  is  composed  of  all  the  rays  of  the  spectrum,  just  as  the 
gases  oxygen  and  hydrogen,  which  are  the  chemical  constituents  of 
water^  enter  into  the  composition  of  each  particle  of  that  liquid,  no 
matter  how  minute  it  be. 

1055.  Experiments  which  confirm  tlit  preceding  analysis  of  light. 
—  The  validity  of  the  preceding  analysis  of  light  is  confirmed  by  the 
following  observations  and  experiments. 

If  the  several  rays  composing  a  spectrum  be  allowed  to  pass  sepa- 
rately through  a  small  hole  in  a  screen,  and  be  received  by  another 
prism  similar  to  A  B  c  placed  behind  the  screen,  with  the  same  angle 
of  incidence  as  that  with  which  p  q  is  incident  upon  A  B,  each  my 
will  be  refracted  by  the  second  prism,  and  its  angle  of  deflection  will 
be  Cound  to  bo  exactly  equal  to  the  angle  of  deflection  produced  by 
the  €rst  prism  a  B  o  upon  it.  In  this  refraction  of  the  second  prism, 
tho  ray  will  not  be  dilated  as  the  original  ray  of  S(Jnr  light  was  by 
tbr  first  prism,  and  no  second  spectrum  will  be  formed ;  the  ray  will 
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k  minlj  tamed  from  its  dinelioa  lij  tbe  nfrMlioo  of  the 
hot  will  undergo  no  other  ehange. 
Let  a  bend  of  white  pqwr,  i^t^fg.  846.,  be  ditided idto 
,  and  let  thoee  QMoes  be  eokmred  red,  onoge,  jeUow,  grnoi 
Hriit  Une,  indiA  and  violet^  eefi*' 
n^,  eadi  eobw  bring  of  imifbm 
tmft^  and  aa  dioeelj  reeemUmg  the 
eeren  eoloon  of  die  q)eetnmi  ae 
poHiUe.    Let  thk  band  be  placed 
imon  a  blaek  groand,  and  viewed 
thraoffh  a  pram  whom  refracting 
angle  le  preeented  imwardji,  with  its 
edge  honaontal  and  parallel  to  the 
Fig  945.  bradAi^    (Hie  images  of  th»  ee* 

Teial  eolomed  spaeea  seen  throv^^ 
the  prism  wiU  be  in  positaonB  men  or  less  eierated  ahire  ▲  ^ 
faig  to  the  greater  or  less  refrangjfailitj  of  the  diifoent  colored  fi^ts. 
The  image  of  the  red  space  a  will  be  seen  at  Bf ,  that  of  the  orange 
space  o  at  o',  that  of  the  yellow  space  T  at  y',  and  so  on.  The  im- 
age (/  will  be  a  little  above  b',  the  image  y'  a  little  above  </,  and  so 
on,  as  represented  in  the  ^^nre^  the  image  of  the  violet  space  v'  being 
in  the  highest  position.  This  phenomenon  is  obvionslj  the  result  of 
the  relative  refrangibilities  of  the  diferent  oolonrs  deposited  on  the 
spaces  of  the  paper  band 

Instead  of  artificial  colours,  let  the  Bpectmm  itself  be  thrown  on  a 

sheet  of  white  paper  in  a  hori- 
1 1;  sontal  position  a  l,  iig.  847., 
which  may  be  done  by  placing 
the  prism  which  produces  the 
spectrum  with  the  edge  of  its 
refracting  angle  vertical.  Let 
this  spectrum  A  L  be  viewed 
through  a  prism  bavins  the 
edge  of  its  refracting  angle  ho- 
risontal,  and  present^  upwards. 
The  image  of  the  spectrum  seen 
through  the  prism  will  have 
Fig.  347.  ^®  position  a'  l',  oblique  to 

A  L,  the  violet  end  being  more 
raised  than  the  red  end.  The  coloured  space  of  the  image  will  not 
form,  as  in^^.  346.,  a  series  of  ascending  steps,  but  will  be  included 
in  one  uniform  line.  This  is  explained  by  the  fret  already  stated, 
that  the  light  composing  each  of  the  coloured  spaces  B,  o,  T,  &c  of 
the  spectrum  is  not  uniformly  refrangible. 

The  rays  which  illuminate  the  red  space  B  increase  gradually  in 
rsihtngibiL'ty  from  the  extremity  a  to  the  boondaiy  of  the  orange 
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ipue;  and  in  like  manner,  the  rays  which  illuraiDate  the  orange 
iftce  O  increase  gradually  in  refrangihilitj  to  the  boandarj  of  the 
jrellow  space ;  and  so  on. 

Henoe  it  is  that  the  honndary  of  the  image  of  the  spectrum  is  a 
line  vniformlj  inclined  to  A  L.  The  divisions  of  the  coloured  spaces 
in  the  image  correspond,  however,  with  those  of  the  spectrum,  each 
colour  in  the  image  heing  vertically  ahove  the  corresponding  colour  in 
the  spectrum. 

1056.  Experimental  proof  by  recomposition.  —  As  the  solar  light 
is  resolved  by  the  prism  into  the  various  coloured  lights  exhibited  in 
the  spectrum,  it  miffht  be  expected  that,  these  coloured  lights  being 
mixed  together  in  the  proportion  in  which  they  are  found  in  the  spcc- 
trum,  white  lieht  would  bo  reproduced.  This  is  accordingly  found  to 
be  the  case.  If  the  spectrum  formed  by  the  prism  A  b  c,Jig.  348., 
instead  of  being  thrown  upon  a  screen,  be  received  upon  a  concave 


Fig.  348. 

reflector  M  N,  the  rays  which  diverged  from  the  prism  und  formed  tin 
spectrum  will  be  reflected  converging  to  the  focus  f  ,  and  after  inter- 
secting each  other  at  that  point,  they  will  a^n  diverge,  the  ray  B  i 
passing  in  the  direction  f  b',  and  v  f  in  the  direction  F  v'. 

Now,  if  a  screen  be  held  between  f  and  the  reflector,  the  spectrum 
will  be  seen  upon  the  screen.  If  the  screen  be  then  moved  frum  tliG 
reflector  towards  the  focus  f,  the  spectrum  upon  the  screen  will 
sradnally  diminish  in  length,  the  extreme  colours  R  and  y  approach- 
ing  each  other.  When  it  comes  so  near  to  f  that  the  extreme  limics 
of  the  red  and  violet  touch  each  other,  the  central  point  of  the  spec- 


trum  will  bt^ci^tno  irliite;  and  wli^n  thd  screen  arrives  at  th«  point  F, 
thi!  (^oluuW  rmyi  leihg  u.U  mmgW  tog^tbf^r,  the  Fpectrom  viU  U 
reductNl  to  a  it  lute  cijlaurless  epot. 

Just  before  tbc  Bcn^en  &rrtve«  at  P,  it  vill  present  the  appe&raiio« 

of  n  whites  spot,  fringed  Bt  tbe  top  with  tbo  colours  forming  tbe  apprr 

end  of  the  spectruiii,  violet^  blue*  and  green,  and  at  tbe  bottom  witfa 

^oHe  forming  tbe  lower  end  of  the  spectrum^  red,  orange  and  j^ellow. 

iis  effect  is  CI  plained  by  the  factj  that  until  the  ecreeu  is  brtfugbt 
^  the  focua  f^  the  extreme  rays  «t  tbe  other  end  of  the  apectnim  am 
ot  nombined  with  tbe  other  ecloura. 

If  tbe  pcreen  bo  removed  be^nd  F,  the  eame  succession  of  appear- 
inoes  will  bo  produced  upon  it  as  were  cxbibite^l  m  il«  approach  to 
r,  but  the  colours  will  bo  shown  in  a  reversed  position. 

Ah  tlie  screen  leaves  F,  tbe  white  spot  upon  it  is  fringed  as  before, 
^t  the  upper  fringe  ia  com|>osed  of  red,  orango,  and  yellow,  while 
he  lower  ia  coropo&ed  of  violet,  blue,  and  green ;  and  when  the  screen 
is  removed  so  far  from  the  focus  f  as  to  preveut  the  superposatjou  of 
the  colours,  the  spectnim  will  be  produced  upon  it,  with  the  red  at 
tbe  top,  and  the  violet  at  tbe  bottom,  the  poeitifra  being  inverted  with 
respect  to  that  which  the  screen  exhibited  at  the  other  side  of  the 
focus.  These  circumstances  are  all  explained  bj  the  &ot  that  the 
rays  converging  to  f  intersect  each  other  there. 

Similar  effects  may  be  produced  by  receiving  the  spectrum  upon  a 
double  convex  lens,  as  represented  in  Jig,  349.  The  rays  are  made 
as  before  to  converge  to  a  focus  F^  where  a  white  spot  would  be  pro- 
duced upon  the  screen.  Before  the  screen  arrives  at  F^  and  after  it 
passes  i^  the  same  effects  will  be  produced  as  with  the  concave  re- 
flector. 


Fi«.  349. 

The  proposition,  that  the  combination  of  colours  exhibited  in  the 
prismatic  spectrum  produces  whiteness,  may  be  further  verified  by  the 
following  experiment :  — 

Let  a  circular  card  be  framed  with  a  blackened  circle,  and  its  cen 
tre  surrounded  by  a  white  circular  band,  and  a  black  external  border, 
as  represented  in^^.  350. 

Let  the  white  circular  band  be  divided  into  seven  qmces  propor- 
tional in  magnitude  to  the  spaces  occupied  by  the  seven  colours  in  the 
prismatic  spectrum,  these  spaces  bcin^  B,  o,  t,  q,  b,  I,  and  y.  Let 
these  spaces  be  respectively  coloured  with  artificial  odooiajresemUing 
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Fig.  350. 


as  near  as  practicable  in  their  tints 
the  colours  of  the  spectrum.  If  the 
centre  of  this  card  be  placed  upon  a 
spindle,  and  a  very  rapid  motion  of 
rotation  be  imparted  to  it,  the  ring  on 
which  the  seven  colours  arc  painted 
will  present  the  appearance  of  a  grey- 
ish white.  In  this  case,  if  all  the 
colours  except  one  were  covered  with 
black,  the  revolving  card  would  pre- 
sent the  appearance  of  a  continuous 
ring  of  that  colour;  and,  consequently, 
if  all  the  coloured  spaces  be  uncovered, 
seven  continuous  rings  of  the  se viral 
ooIohts  would  be  produced;  but  these  rings  being  superposed  and 
mingled  together  will  produce  the  same  effect  on  the  sight  as  if  all 
the  seven  oolours  were  mixed  together  in  the  proportion  which  they 
oeeopj  on  the  card.  If  the  colours  were  as  intense  and  as  pure  as 
ihev  are  in  the  spectrum,  the  revolving  card  would  exhibit  a  perfectly 
white  ring ;  but  as  the  colours  of  natural  bodies  are  never  perfectly 
pore,  the  colour  produced  in  this  case  is  greyish. 

This  experiment  may  be  further  varied  by  having  uncovered  any 
two,  three,  or  more  combinations  of  the  colours  depicted  on  the  card. 
In  such  case  the  rotation  of  the  card  produces  the  appearance  of  a 
ring  of  that  colour  which  would  result  from  the  mixture  of  the  coldurs 
left  uncovered :  thus,  if  the  red  and  yellow  spaces  remain  uncovered, 
the  card  will  produce  the  appearance  of  an  orange  ring;  if  the  yellow 
and  blue  remain  uncovered,  it  will  produce  the  appearance  of  a  green 
ring;  and  so  on. 

1057.  Lights  of  the  same  colour  may  have  different  refrangiUU' 
ties. — Although  the  phenomena  attending  the  prismatic  spectrum 
prove  that  rays  of  light  which  differ  in  refrangibility  also  differ  in 
colour,  the  converse  of  this  proposition  must  not  bo  inferred ;  for  it 
is  easy  to  show  that  two  lights  which  are  of  precisely  the  same  colour, 
may  suffer  very  different  effects  when  transmitted  through  a  prism. 

Let  us  suppose  two  holes  made  in  the  screen  on  which  the  spec- 
tram  is  thrown  in  the  middle  of  the  space  occupied  by  the  blue  and 
*yellow  colours,  so  that  rays  of  these  colours  may  be  transmitted 
tarongh  the  holes.  Let  these  rays  be  received  upon  a  double  con- 
vex lens,  and  brought  to  a  focus  at  Q/Jig-  351.,  upon  a  sheet  of  white 
paper,  so  as  to  illuminate  the  spot  o'.  The  colour  that  it  produces 
then  will  be  a  green.  Let  another  spectrum  be  now  thrown  by  a 
prism  upon  the  screen,  and  let  a  hole  be  made  in  the  screen  ut  that 
part  of  the  green  space  where  the  tint  is  precisely  similar  to  the 
eolour  produced  at  o'  on  the  white  paper,  and  let  the  light  which 
I  throngh  this  hole  fall  upon  the  spot  a  beyond  o'. 
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UGHT. 

(Hie  BMoeB  o  and  o'  wQl  theii  be  aimninatad  lij 
lights  of  preeiiely  the  Mune  ooloarj.^Wt  it  wiU  m 
easy  to  vbxm  that  these  ligh^  <»  Ml  ndlaKfy  re- 
fraD^^le. 

I^t  them  be  Tiewed  (hrongh  a  prism  haTing  its 
refhctine  anja^  presented  uprarak  The  image 
of  the  iDommated  spaoe  G  will  be  seen  in  a  mon 
elevated  position  at  ^;  but  two  Images  will  be  pro- 
dnoed  or  the  npaoe  cr,  one  YelloWi  and  the  other 
blne^  at  y  and  h^  the  yellow  image  jr  bdng  a  little 
below  g^  and  the  blue  image  h  a  little  above  it. 
Thus  it  is  evident  that  the  gieen  Bdit  on  the  space 
o'  is  a  compound  of  yellow  and  UnOi  and  is  se- 
parable into  its  constituents  by  refraction,  while 
the  similar  green  light  on  the  spaoe  o  is  incapable 
of  decomposition  by  refraction. 

1058.*  Colours  produced  hy  combining  dijfereui 


rays  of  the  spectrum, — An  endless  variety  of  tints  may  be  prodnoed 
by  combining  in  various  ways  the  colours  composing  the  prismatic  spec- 
trum ;  indeed,  there  is  no  colour  whatever  which  may  not  be  produced 
by  some  combination  of  these  tints.  Thus^  all  the  shades  of  red  may 
be  produced  by  combining  some  proportion  of  the  yellow  and  orange 
with  the  prismatic  red ;  all  the  shades  of  orange  may  be  produced  by 
combining  more  or  less  of  the  red  and  yellow  with  each  other  and 
with  the  orange ',  all  the  shades  of  yellow  may  be  produced  by  varying 
the  proportion  of  green,  yellow,  and  orange ;  and  so  on. 
.  1059.  Complementary  colours,  —  If  two  tints  T  and  if  be  pro- 
duced, the  former  T  by  combining  a  certain  number  of  prismatio 
colours,  and  the  latter  t'  by  combining  the  remainder  together,  these 
two  tints  T  and  t'  are  called  complementary,  because  each  of  these 
contains  just  those  colours  which  the  other  wants  to  produce  complete 
whiteness ;  and,  consequently,  if  the  two  be  mixed  together,  white- 
ness will  be  the  result.  Thus,  a  colour  produced  by  the  combination 
of  the  red,  orange,  yellow,  and  green  of  the  spectrum  in  their  just 
proportions,  will  be  complementary  to  another  colour  produced  by  the 
blue,  indigo,  and  violet  in  their  just  proportions,  and  these  two  coloursi 
if  mixed  together,  would  produce  whiteness. 

1060.  Colours  of  natural  bodies  generally  compound.  — Almost 
all  colours,  natural  or  artificial,  except  those  of  the  prismatic  spectrum 
itself,  are  more  or  lens  compounded,  and  their  combined  character  be- 
longs to  them  equally  when  they  have  tmts  identical  with  ibe  coloured 
spaces  of  the  spectrum.  Thus,  a  natural  object  whose  colour  is  in* 
dLstinguishable  from  the  yellow  space  of  the  spectrum,  will  be  foundy 
when  subjected  to  the  action  of  the  prism,  to  refract  licht  in  which 
there  is  more  or  less  of  green  or  orange ;  and  an  object  which  appears 
blue  will  be  found  to  have  in  its  colour  more  or  less  of  green  and  violet 
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1061.  Method  of  observing  the  spectrum  by  direct  vision.  —  In- 
stead of  receiving  the  spectrum  on  a  Bcrcen,  it  may  be  viewed  directly 
bj  placing  the  eye  behind  the  prism  a  b  Cfjig.  352.,  at  L,  so  as  to 
receive  the  light  as  it  emerges.   This  mode  of  obscr\dDg  the  prismatic 


Fig.  352. 

efiects  is  in  many  cases  more  convenient  than  by  means  of  the  screen, 
colonrB  being  thus  rendered  observable  which  would  be  too  feeble  to 
be  visible  after  reflection  from  the  surface  of  the  screen.  It  is  neces- 
saiy,  however,  to  consider  that  in  this  manner  of  viewing  the  pris- 
matio  phenomena,  the  colours  will  be  seen  in  an  order  the  reverse  of 
that  which  they  would  hold  on  the  screen;  for  if  the  eye  be  placed  at 
L^  it  will  receive  the  violet  ray  which  enters  in  the  direction  l  v  as  if 
soch  ray  had  proceeded  from  v',  and  it  will  receive  the  red  ray  which 
enters  it  in  the  direction  r  as  if  it  had  proceeded  from  r'  ;  the  red  will 
therefore  appear  at  the  top,  and  the  violet  at  the  bottom  of  the  speo- 
trnmy  when  the  refracting  angle  b  of  the  prism  is  turned  downwards. 

But  if  the  refracting  angle  b  be  turned  upwards,  as  represented  in 
/ig.  353.,  then  the  red  will  appear  at  the  bottom,  and  the  violet  at 
tbs  top  of  the  spectrum,  as  will  be  perceived  from  the  figure. 

1062.  Why  objects  seen  through  prisms  are /ringed  with  colours. — 
In  general,  when  objects  are  viewed  through  a  prism  they  appear  with 
their  proper  colours,  except  at  their  boundaries,  where  they  are  fringed 
with  the  prismatic  tints  in  directions  parallel  to  the  edge  of  the  reflect- 
ing angle  of  the  prism. 

Xet  A  A  M  M,^g.  354.,  be  a  small  rectangular  object  seen  upon  a 
black  ground,  the  sides  A  M  being  vertical,  and  A  A  and  M  M  horizontal. 
Let  us  first  suppose  that  this  object  has  the  colour  of  a  pure  homoge- 
neous red.  If  this  object  be  viewed  through  a  prism  whase  refract- 
ing angle  is  directed  upwards  with  its  edge  horizontal ,  it  will  be  seen 
in  a  more  elevated  position,  such  as  a  a  m  m,  as  already  explained. 

Let  ns  next  suppose  that  the  object  a  a  M  M  has  the  colour  of  a 
pare  homogeneous  omnge.  When  viewed  through  the  prism  it  will,  as 
already  expluiaud,  appear  in  a  position  ^ 6 nit,  a  little  above  aamm. 

If  we  next  suppose  the  object  a  a  M  M  to  be  coloured  with  homo- 
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S neons  yellow,  it  will  be  raised  by  the  prism  to  eeoe,  ^  little  above 
e  orange  image. 

If  it  be  next  snpposed  to  have  the  eolonr  of  a  prismatic  green,  it 
will  be  seen  ni  ddppfB.  little  aboTe  the  yellow  image ;  and  if  it  be 
ooloured  light  blue,  its  image  will  be  seen  tit  eeqq,  above  the  green 
image ;  if  it  be  dark  blue  or  indigo,  its  image  will  be  in  the  position 
//r  r ;  if  it  be  yiolet,  its  image  will  be  in  the  position  g g  ss. 

Now,  if  we  suppose  the  object  a  a  M  M  to  be  white,  that  is  to  say, 
to  have  a  colour  which  combines  all  the  prismatic  colours  together, 
then  all  these  several  images  will  be  seen  at  onoe  through  the  prism 
in  the  respective  positions  already  described.  They  will  therefore  be 
more  or  less  superposed  one  upon  the  other,  and  the  image  will  ex- 
hibit in  its  different  parts  those  tints  which  correspond  to  the  mixture 
of  the  colours  thus  superposed. 

Hence  it  appears  that  the  space  between  a  a  and  b  b  from  which  all 
colour  except  the  red  is  excluded,  will  appear  red;  in  the  space  be- 
tween h  b  and  c  e,  in  which  the  orange  image  is  superposed  upon  the 
red  image,  a  colour  will  be  exhibited  corresponding  to  the  mixture  of 
these  two  colours;  in  the  space  between  c  c  and  d  d,  the  three  images 
red,  orange,  and  yellow  are  superposed,  and  a  colour  corresponding 
to  the  combination  of  these  will  be  produced.  In  fine,  the  colours 
which  are  superposed  between  eveir  successive  division  of  the  upper 
Mid  Jower  edges  of  the  combined  images  are  as  foUows,  where  the 
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prismatic  coloiirs  are  designated  by  the  capital  letters^  and  their  mix- 
ture or  saperpofiition  by  the  sign  + : — 

Between  a  a  and  hh  a 

•*        bb    *•   ee  R  +  o 

"       ee     "   dd  a  +  o  +  T 

••       dd    •'   ee  R  +  o  +  T  +  a 

"        ee     ••  //  R  +  o  +  T  +  o  +  B 

"         //     **    gg  R  +  O  +  T  +  O+B+I 

**  gg     "WW  R  +  0  +  T+0  +  B  +  I  +  V=»W. 

Thus  it  appears  that  the  spaces  ^  ^  of  the  violet  imago  and  the  tu^ 
mm  of  the  red  image  are  coloured  with  a  white  light,  because  in  this 
space  all  the  seven  images  are  superposed. 

In  the  space  between  gg,  the  bottom  of  the  violet  image,  and/y) 
the  bottom  of  the  dark  blue  image,  there  is  a  space  which  is  illuiiii- 
natod  by  all  the  prismatic  colours  except  the  violet,  and  this  space 
consequently  approaches  so  near  a  white  as  to  be  scarcely  distinguish- 
able from  it.  The  space  between //,  the  bottom  of  the  dark  blue 
image,  and  e  e,  the  bottom  of  the  light  blue  image,  is  illuminated  by 
all  the  colours  except  the  dark  blue  and  indigo,  and  it  consequently 
has  a  yellowish  tint  The  succeeding  divisions  downwards  towards 
a  a  become  more  and  more  red  until  they  attain  the  pure  prismatic 
red  of  the  lowest  division.  The  colours  of  the  upper  extremity  of 
the  image  may  in  like  manner  be  shown  to  be  as  follows : — 

Between  $  $  and  rr  y 

••        rr    **    qq  v  + 1 

"       qq  **  PP         V  + 1  +  B 

"         pp    **     00  v  +  I  +  B  +  o 

••  00     •*     llfl  V  +  I  +  B  +  &  +  T 

*•        nil**   mm         v  +  i  +  b  +  o  +  y  +  o 

'•        mm"  gg  v  +  i  +  B  +  o  +  Y  +  o  +  R  — w. 

Thna  it  appears  that  the  highest  fringe  at  the  upper  edge  is  violet, 
that  those  which  succeed  it  are  formed  by  the  mixture  of  violet  and 
bloc,  to  which  green  and  yellow  are  successively  added,  until  the 
ooloors  become  so  completely  combined  that  the  fringe  is  scarcely  dis- 
tinguishable from  a  pure  white.  It  is  evident,  therefore,  that  at  the 
lower  extremity  the  reds,  and  at  the  upper  the  blues,  prevail. 

If  the  object  A  A  M  M  viewed  through  the  prism  be  not  white,  then 
the  preceding  conclusions  must  be  modified  according  to  the  analysis 
of  ita  colour.  Thus,  if  its  colour  be  a  green,  it  may  be  either  a  pure 
homogeneous  green,  or  one  formed  by  the  combination  of  blue  and 
yeUow  or  other  prismatic  tints.  In  the  foruier  case,  the  prism  will 
exhibit  the  object  without  fringes,  but  in  the  latter,  it  will  be  friugtnl 
•ooording  to  the  composition  of  its  colour,  determined  by  the  same 
principles  as  those  which  have  been  applied  to  the  object  a  A  M  M. 

1063.  Jmd  of  refraction  applied  to  compound  solar  light.  —  The 
analysis  of  light,  which  has  Ix^cn  here  explained  aud  illustrated,  will 
enable  us  to  generalize  and  extend  the  law  of  refraction  explained 
in  979. 
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IM  AWB,Jig.  S55-,  be  a  transparent  racdhtn  Baving  a  acmiey- 
^       Q  Undnciil  form,  c  being  iLh  centro. 

^ ^^^^^^^  Let  1  c  be  a  ray  of  eolar  ll£:ht 

incident  at  c,  Ihe  angle  of  in- 
ddenoe  Mng  i  o  o.  This  nj, 
on  enterinff  tiie  iraxiBpaient  me- 
dinniy  wiI^  aeoording  to  what 
has  been  already  explained,  be 
resolved  into  an  infinite  number 
of  other  raya  diftrently  re- 
iiactedy  that  which  is  least  re- 
fracted being  o  R,  and  that  which 
iamostrefrwitedbeinffOY.  The 
ray  0  R  is  red,  and  the  ray  OT 
18  violet;  the  raya  of  interme- 
diate coloon  and  intermediate 
refrangibilitiea  being  indnded 
between  them.  The  angle  ROM 
ia  the  angle  of  refraction  of  the  extreme  red  raj  corresponding  to  the 
angle  of  incidence  i  c  o,  and  the  angle  v  c  M  is  the  angle  of  refraction 
of  the  extreme  violet  ray  corresponding  to  the  same  angle  of  inci- 
denco. 

The  index  of  refraction  of  the  former  will  be  found  by  dividing  i  N 
by  R  p;  and  the  index  of  refraction  of  the  latter  will  be  founa  bj 
dividing  i  N  by  v  l/. 

It  is  evident  that  the  indices  of  refraction  for  the  intermediate  raja 
will  be  included  between  these  two,  being  greater  than  the  index  of 
the  extreme  red,  and  less  than  the  index  of  the  extreme  violet. 

If  the  angle  of  incidence  I  c  o  bo  diminished,  the  angles  of  refrac 
tion  ROM  and  y  o  M  will  be  both  diminished,  since  their  sines  w\a 
Still  bear  the  same  ratio  to  the  sine  of  the  angle  of  incidence.  Thus, 
if  f  0,Jig.  355.,  be  the  incident  raj,  and  i'  c  o  the  angle  of  incidence, 
then  GR  will  bo  the  extreme  red,  and  OY*  the  extreme  violet  re- 
fracted rays,  and  the  intermediate  rays,  into  which  the  incident  ray  is 
resolved,  will  He  between  these  as  before. 

In  this  case,  the  angle  r'  o  V  which  measures  the  divergence  of 
the  extreme  rays  into  which  the  incident  ray  is  resolved,  will  be  less 
than  the  angle  R  c  v,  which  measures  their  divergence  with  the 
greater  angle  of  incidence  I  c  o.  Thus  it  appears  that  the  divergence 
of  the  decomposed  rays  is  diminished  as  the  angle  of  incidence  is 
diminished,  and  increased  as  the  angle  of  incidence  is  increased ;  but 
with  the  same  angle  of  incidence  this  divergence  is  always  the  same 
in  the  same  transparent  medium. 

The  angle  k  c  R,  formed  by  the  direction  of  any  ray,  such  as  c  R, 
with  the  direction  o  k,  which  it  would  have  followed  liad  it  not  been 
roGraoted,  is  called  ihe  re/roction  of  that  ray. 
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Now  it  is  necessary  to  distiDguisli  carefully  this  term  from  the 
aig/e  of  refraction  already  defined. 

Thus  it  appears  that  the  refraction  of  the  different  rays  into  which 
the  ray  c  I  is  resolved  is  different;  that  of  the  extreme  red  being 
K  0  R,  and  that  of  the  extreme  violet  being  k  c  v . 

1064.  Dispertion  of  light.  —  The  difference  between  the  refrac- 
tion of  these  extreme  rays,  or  the  angle  of  divergence  R  c  v  of  the 
rays  into  which  the  original  solar  ray  i  o  hus  been  resolved  by  re- 
fraction, is  called  the  dispersion  produced  upon  the  solar  ray  i  c  by 
the  prooess  of  refraction. 

It  follows  from  what  has  been  just  explained,  that  this  dispersion 
in  the  same  medium  diminishes  and  increases  as  the  angle  of  inci- 
dence or  the  angle  of  refraction,  or,  in  fine,  as  the  refraction  itself, 
diminishes  or  increases. 

1065.  Mean  refraction,  —  But  the  term  refraction,  to  have  a  defi- 
nite meaning,  in  this  case,  must  be  applied  to  sonic  one  of  the  rays 
into  which  the  solar  ray  is  resolved,  since  each  of  these  rays  has  a 
different  refraction,  varying  from  K  C  R  to  K  c  v.  The  middle  my, 
therefore,  C  l,  of  the  rays  diverging  from  c,  is  adopted  for  this  pur- 
pose ;  and,  accordingly,  the  ray  c  L  is  called  the  mean  ray,  and  the 
angle  K  c  L  the  mean  refraction. 

The  refraction  produced  by  any  transparent  medium  upon  a  given 
ray  at  a  given  angle  of  incidence,  is  the  measure  of  the  refracting 
power  of  the  medium  on  such  ray ;  but  as  this  refraction  is  always 
the  difference  between  the  angles  of  incidence  and  refraction,  and  as 
this  difference  may  be  taken  to  be  proportional  to  the  difference  be- 
tween their  sines,  we  shall  have  the  refractive  power  of  the  medium 
expressed  thus: 

sin.  I — sin.R  - 
; =n — 1: 

Bin.  R  ' 

where  n  expresses  the  index  of  refraction. 

The  measure,  therefore,  of  the  refracting  powers  of  different  media, 
is  the  number  found  by  subtracting  1  from  tlicir  index  of  refraction. 

It  follows,  from  what  has  l^een  explained,  that  in  the  sauic  medium 
the  dispersion  increases  and  diminishes  as  the  mean  refraction  in- 
creases or  diminishes. 

10G6.  Dispersive  power.  —  "When  different  media  arc  com])arcd 
together,  it  is  found,  that  with  the  same  mean  refraction  there  will  bo 
different  dispensions,  —  a  fact  which  supplies  a  characterLstic  of  dif- 
ferent media,  which  has  been  called  their  dispersive  power;  one 
medium  being  said  to  have  n  greater  or  less  dispersive  power  than 
another  medium,  according  as  the  dispersion  it  produces  with  the 
same  mean  refraction  is  greater  or  less  than  that  produced  by  the 
other  medium. 
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The  dimraoD,  therefon?,  produced  by  any  meJlum  bein^  expresi^d 
'lij  the  difrerenoe  of  the  indices  of  refraction  n"  and  n'  of  the  c^ctreroio 
tftji^  and  the  lefractiDg  power  being  expressed  hy  n  —  1,  the  abse-    I 
htte  dispersive  power  u  Uie  qnotieafc  obUoned  hj  widiag  4he  dupet^    " 
rion  bj  the  refracting  power,  and  will  be 

t^—f/ 

1  D  = 


in  paga  86,  the 
to  the  mean  nj  of 


!•  — !• 

In  the  taUea  of  refraction  which  have  been 
hdices  of  refraction  most  be  onderstood  to 
the  apeetnun,  prodnoed  by  the  varioaa  media  indicated  in  the  tables. 

To  niustrate  the  application  of  this  formnla,  let  na  take  the  caae  of 
erown-f^ass  and  dianumd.  The  index  of  refraction  <tf  the  eztmne 
and  mean  rajs  of  crown  glass  are  as  follows  :^- 

s^  =  1-5466,  ff  c=  1*6258,  n  =  1-5830; 
eonaeqnenily  we  shall  have  for  crown-glasi^ 

OAQ 

"'  =  r8l  =  «•««»*'• 

In  like  manner,  the  indices  for  diamond  are 

n"  =  2-4670,  n'  =  2-4110,  n  =  2-4390; 
therefore,  we  shall  have 

-'  =  rm ='■''''- 

From  whence  it  appears  that  although  the  refracting  powers  of  the 
diamond  and  crown-glass  are  as  3  to  1,  their  dispersive  powers  xn 
the  same. 

Tliis  identity  of  their  dispersive  powers  may  be  proved  experiment- 
ally by  taking  two  prisms,  one  of  diamond  and  ihe  other  of  crown 
glass,  and  producing  with  them  two  spectra  in  the  manner  represented 
^^J^i  ^^^'9  so  that  the  mean  ray  L  F  of  each  shall  be  equally  inclined 
to  the  direction  pp'  of  the  incident  ray.  It  will  be  found  that  the 
two  spectra  thus  produced  will  have  equal  lengths,  and  consequently 
that  the  dispersions  which  correspond  to  equal  refractions  are  equal. 

Transparent  media  differ  from  each  other,  not  only  in  the  dbpersive 
powers  which  they  have  on  solar  light,  but  also  in  the  dispersive 
powers  with  which  they  act  on  the  different  elements  which  compose 
such  light.  Thus,  for  instance,  it  will  happen  that  although  two 
media,  such  as  the  diamond  and  crown  glass,  may  have  equal  disper- 
sive powers  in  relation  to  the  compound  light  of  day,  they  will  have 
very  different  dispersive  powers  upon  the  several  coloured  lights  of 
which  each  compound  light  is  made  up. 

This  may  be  rendered  experimentally  apparent  by  producing  two 
spectra  of  equal  lengths,  with  prisms  of  different  materials. 

If  these  two  spectra  \>e  p\&»edL  m  ya\».Yml\on^  so  that  their  extre> 
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mitieB  shall  coincide,  although  tbcir  coloured  spaces  will  succeed  each 
other  inTariably  in  the  order  already  described,  yet  the  boundaries 
which  separate  these  coloured  spaces  will  not  coincide.  The  red  in 
the  one  will  be  more  or  less  extensive  than  in  the  other,  and  the  same 
will  be  true  of  the  other  colours. 

Let  two  spectra,  A  B  and  c  J},  fig,  356.,  be  produced  in  this  man- 
ner, equal  in  length,  by  two  hollow  prisms, 
one  filled  with  the  oil  of  cassia,  and  the  other 
with  sulphuric  acid.  In  the  spectrum  A  B, 
produced  by  the  oil  of  cassia,  the  red,  orange, 
and  yellow  spaces  are  less  than  in  the  spectrum 
0  D,  produced  by  the  sulphuric  acid,  while  in 
the  latter  the  blue,  indigo,  and  violet  spaces 
are  less  than  in  the  former. 

The  middle  ray  m  n  in  the  spectrum  A  B 
passes  through  the  blue  space,  while  it  passes 
through  the  green  space  in  the  spectrum  c  D. 

It  appears,  therefore,  that  in  this  case  sul- 
phuric acid  has  a  greater  dispersive  power  upon 
the  less  refrangible  rays,  and  a  less  dispersive 
power  on  the  more  refrangible  rays,  than  the 
oil  of  cassia. 

These  effects  are  consequences  of  the  fact,  that  although  the  indices 
of  refraction  of  the  extreme  rays  for  any  two  media  may  be  equal,  the 
index  of  refraction  of  the  intermediate  rays  may  be  unequal,  and  a 
difference  of  position  of  the  corresponding  colours  in  the  spectrum  will 
be  the  necessary  consequence. 

In  the  following  table,  the  indices  of  refraction  corresponding  to 
the  mean  rays  of  the  seven  coloured  spaces  of  the  spectrum  are  given 
■ooording  to  the  experiments  of  Frauenhofer. 


Fig.  356. 


1067.   Table  of  the  indices  of  refraction  of  the  mean  rays  of  each 
of  the  prismatic  colours  for  certain  media. 


■cteclLiff  SiMucat. 

n,. 

«t 

% 

n^ 

Ws. 

«6. 

% 

rihrt  claM^Nob  la. ....... ..... 

1 -027749 
I-5ri»2 

\-93am 

1-330077 
I-SMIUQ 
l-470IBe 
1-6IU042 
1-e«^70 

I-SM77? 
1-638506 
1-626564 

1-629681 
I-M6»f9 

1-33 17 12 
I-aSITO-J 

1-47  lUO 
l-«09aO0 
l-e2-»4T7 
|-U%299 
l-USe33 

I-6U466 
1-62M5I 

1-635096 
I-5«ftH7 
1 -333-177 
I -333177 

1M744M 
1-6(HIM 
|-63(^Va 

1-&S007S 
1-633007 
1-633666 

1-M2021 
I-X13003 
1-33^51 
I-33.W49 
l-40iU3i 
I-47(0->3 
l-6l4Mi 
l-Q3T3'i6 
1-^1372 
1-363IM 
l-64(>t9S 
1-6I0M4 

1-6U>3G0 
l*53(>U'i2 
1-337HI8 

issnw 

l-4<HM 
l-4li|73e 
l-6J0(M2 
l-(HMi6 
1-S»I337 
1 -5(16741 

I -646756 
1-646780 

I-6G02R5 
IMI«i7 
1-341293 
l-34l2tfl 
1-412579 
1^M*»I98 
1-630772 
I-MW06 
1-579«W 

i-5tii-ias 

i-6S8BM 
1-6S6849 

1-671062 
I -^6566 
I-3UI77 
1-344162 
I -4 16364 
l-49»n4 
1-6-10373 
I-<K607f 
I-M46M 
1-579470 
I.6H9696 
l-6a96!» 

Water.'              

W«i«r «. 

PMa»b 

OU  or  tarprnliM 

riirtita«.N«.i....... ».. 

niat  (iM^  Na.  ao.... 

Cn»a  f  UN.  N*.  IS. 

CrawB  claM.  LHl.  M 

niBl^Mt,  No.  ».  *«l  priui  1 

l2 
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1068.  DUparsiim  4jf  each  emnpomaU  cdnar^  Aow  fimmd. — The 
dinenioii  proper  to  eedli  nuoeanife  eokrar  wQl  be  fband  Iqr  taking  dw 
diftreQce  of  the  two  ad[)aoeiit  indicesy  and  the  total  dimrnon  pio- 
diioad  lij  eadii  medium  by  taking^  the  diflhnmee  between  tlie  extreme 
indioee.  Thus  the  total  d]n)ex8ioii  {aodaoed  by  eaob  medium  pven 
la  the  above  taUe  will  be  aa  mUowa : 

Fliat  gltts,  No.  18.  ^..^ ^ (HMSSIS 

Grown  ^AM,  No.  9.  ^ ^ ^  <H)20784 

^wOiMff  •••.••••....•••••..•••••■••.•••••••••••••...••••••..••••••••  I^UivmHZ 

Water ^-^  04)18186 

Potash ..••«•  IH>18789 

Tarpentlno - 0028878 

Flint  gluf,  No.  8. ^.  OKM»881 

Fllnfc^MS.No.80.  »  0*042602 

Crown  ^Mt>  No.  18. 04)20872 

Grown  ^MS.  Lett.  M 04)24600 

Flint  riMt.  No.  28.,  prism  60» 04)48000 

Flint  ^sss.  No.  28.,  prism  46» —  04)48116 

1069.  Ughi  umformly  refrangible  not  neeeisarily  smpU. — 

'  In  all  that  precedes,  it  has  been  assumed  that  the  light  composing  each 
part  of  the  prismatic  spcctram  is  simple  and  homoffeneooe.  This 
conclusion,  deduced  by  Newton,  and  adopted  generally  oy  all  physical 
investigators  since  his  time,  is  based  on  the  assumption,  that  light 
which,  being  refracted  by  transparent  media,  cannot  be  resolved  into 
parts  differently  refrangible,  is  simple  and  homo^neous. 

Sir  David  Brewstor  has,  however,  published  the  results  of  a  series 
of  observations,  from  which  it  would  follow,  that  a  pencil  of  light 
which  docs  not  consist  of  parts  differently  refrangible,  may,  neverthe- 
less, be  resolved  into  parts  which  have  different  colours;  in  other 
words,  that  the  light  of  certain  parts  of  the  spectrum,  such,  for  ex- 
ample, as  orange  and  green,  although  simple  so  far  as  respects  re- 
fraction, is  compound  so  far  as  respects  colour.  Thus,  the  orange 
light  may  be  resolved  into  two  lights  cqaally  refrangible,  but  differ- 
ing in  colour,  one  being  red  and  the  other  yellow;  and  the  green 
light  may  in  like  manner  be  resolved  into  two  equally  refrangible^ 
one  being  yellow  and  the  other  blue. 

1070.  Sir  D,  Brewster* $  analysis  of  the  spectrum,  ^^In  a  word, 
the  observations  and  experiments  of  Sir  David  Brewster  have  led  him 
to  the  conclusion  that  the  prismatic  spectrum  consists  in  reality  of 
three  spectra  of  nearly  equal  length,  each  of  uniform  colour,  super- 
posed one  upon  another;  and  that  the  coloars  which  the  actual  spec- 
trum exhibits  arise  from  the  mixture  of  the  uniform  colours  of  these 
three  spectra  superposed.  The  colours  of  these  three  elementary 
spectra,  according  to  Sir  David  Brewster,  are  red,  yellow,  and  blue. 
He  shows  that  by  the  combination  of  these  three,  not  only  all  the 
colours  exhibited  in  the  prismatic  spectrum  may  be  reproduced,  but 
OuU  their  combination  also  produces  white  light    He  oontendsy  theie- 
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(bre,  that  the  white  light  of  the  sun  consists  not  of  scvcn^  but  of  three 
constituent  lights,  red,  yellow,  and  blue. 

This  conclusion  is  established  by  showing  that  there  is  another 
method  by  which  light  may  be  resolved  into  its  coniponci)t<«,  besides 
the  method  of  refraction  by  pnsms.  In  passing  through  certain 
coloured  media,  it  is  admitted  that  a  portion  of  the  light  incident  is 
intercepted  at  the  surface  upon  which  it  is  incident  and  in  its  passage 
through  the  medium ;  a  part  only  is  transmitted. 

Now,  this  property  of  colours  is  taken  by  Sir  David  Brewster  as 
another  method,  independently  of  refraction,  of  decomposing  colours. 
He  assumes  that  such  a  medium  resolves  the  light  incident  upon  it 
into  two  parts :  first,  the  part  which  it  transmits ;  and  secondly,  the 
part  which  it  intercepts.  He  concludes  that  these  two  parts  are  com- 
plementary, that  is  to  say,  that  each  contains  what  the  other  wants  to 
make  up  white  solar  light;  or,  more  generally,  that  the  incident 
light,  whatever  be  its  nature,  must  be  assumed  to  be  a  compound, 
consisting  of  the  light  transmitted  and  the  light  intercepted. 

This  being  assumed,  let  a  coloured  medium,  such  as  a  plate  of  blue 
IJiasBj  be  held  between  the  eye  and  the  spectrum.  Certain  colours  of 
tiie  spectrum  will  be  transmitted  and  others  intercepted.  If  the 
ooloma  of  the  spectrum  be  simple  and  homogeneous  light,  such  as 
they  are  assumed  to  be  in  the  Newtonian  theory  of  the  decomposition 
of  Ught,  then  the  consequence  would  be  that  the  appearance  of  the 
spectrom  seen  through  the  coloured  medium  would  consist  of  dark 
ind  coloured  spots ;  those  simple  lights  intercepted  by  the  glass  ap- 
pearing dark,  and  those  transmitted  by  the  glass  having  their  proper 
colour.  But  if  each  colour  of  the  prism  be,  as  is  assumed  in  the  chro- 
matic theory,  simple,  then  the  plate  of  glass  can  make  no  change  in 
its  colour  by  transmission. 

It  must  therefore  be  wholly  transmitted,  partly  transmitted,  or 
wholly  intercepted.  If  it  be  wholly  transmitted,  no  change  will  be 
made,  therefore,  in  its  colour  or  intensity ;  if  it  be  partly  transmitted, 
its  colour  will  remain  the  same ;  but  its  intensity  will  be  diminished ; 
if  it  be  wholly  intercepted,  the  space  it  occupied  on  the  spectrum  will 
be  black.  But  these  are  not  the  efiects,  as  Sir  David  Brewster  states, 
which  are  observed.  He  finds,  on  the  other  hand,*that  the  coloured 
spaces  on  the  spectrum  are  not  merely  diminished  in  intensity,  but 
actually  changed  in  colour.  Now,  if  any  space  of  the  spectrum  bo 
changed  in  colour,  it  follows  from  what  has  been  stated,  that  the  light 
transmitted  must  be  a  constituent  of  the  colour  of  that  space,  to  which 
the  light  intercepted  being  added,  would  reproduce  the  colour  of  the 
spectrum.  By  such  an  experiment  as  this,  Sir  David  Brewster  found 
toat  the  parts  of  the  spectrum  occupied  by  the  orange  and  green 
lights  produced  yellow,  from  which  he  inferred  that  the  glass  inter- 
cepted the  red,  which  combined  with  the  yellow  produced  oranee, 
and  the  blue,  which  combined  with  the  yellow  produced  green.     But 
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tf  Am  klemptfBg  the  i«d  nd  Um 
kit  IIk  nd  and  tlie  blue  wpuM  of  ^ 
H«  aoBorfin^y  found  tluit  the  light  of 
wm  ilwMt  entirel J  ahmbed.  as  was  iko 
-     -  -        _   J'  .-    vr^^  ^^^^ 

7?ai  ayrimBifg  Su  tmr,  vhieh  he  made  in  great  number,  and 
^tts-  -Qcmw  HndsuBk  »  Ikvid  Brevsler  dedimd  the  oodcIiumh 

Ai  jiOETf^  «aac  K  <«erT  |Hinx  fi  the  spectmm,  red,  yellow,  aD& 
lim  iiffu  e;  siBoiaai  ^  iskmi  pnpoitions,  the  eolonr  <^  each  put 
Wtic  usasiuxtfi  27  -ats  jeT^cmsml  inienaties  of  these  three  coloon 
ML  ixe  aixsR.  Ii  3i^  ?M  ^Mc.  die  pn^Kivtions  of  bine  and  yellow 
«s  £a>sij  ^AM  AsixaBZT  »  prodiBee  vhite  light,  bat  the  red  is  in 
fiKTssit.  a  M^.iL  ic  2  «caL2aKd  nh  the  blue  and  yellow  prodaoes  a 
aoAiii  i^fi&wiiKSL  2i  SM^esiedby  thesnplnsage  of  red.  In  the  suae 
aBoaoir  JL  ai!  ]p±Zi:v  ifaee  she  pwyottioa  dT  bine  and  red  is  tint 
-vaitm  !£>  7riQeVwii»^cxs.laaihw  is  a  greater  than  the  jostp^ 

-^  --r-  c  u^  ;■  aiLi-ix  ▼iii  Uie  blue  and  red  prodaces  white 
:^-;  .  T  :.  ^  >  -iiinri-i  J:-  "■"  -J  ^e  nr^Iu*.  In  the  same  manner 
1^..  -  u::  :  a:  <uil-:  i  jlj^iioix^s;  of  a  sorplusage  of  blue, 
r  1.  ^w.  T  u.  -ir  :r  o  rzLrc  :c  rei  isi  vrilow,  and  the  remainder 
.*  :::  . ;.-  :.-.-. ?s;.7  :  c  tilt^ItSSu  Tie  I'lhor  colours  of  tbc  spec- 
T-..:..  -.     .-— :^  ".  f-  ItloI  3r:w*:ir.  ire  accoodarv,  or  the  result  of 

T".     «  .  ij-     -  VI...  J.  --iiac  iiree  jrliLarr  e-i.-urs  pnxluce  the  tinta 

.     .     <r-.  :r^:^  -.:;  ->:  3.'r:   cliiTu'.j  TXL.itr^uvJ  by  reference  Xofg. 

..  '     *-.-.->   \  >  .-::c:S.i.j'  lie  prl?::-i::o  ?p«:otnim  with  its  usual 

•J-Tf.     Tiic  curve  M  R  n  represents 

;lc  "Tiriiig  iuteDsity  of  the  red 

?r».v:ru:u.  M  Y  X  that  of  the  yel- 

l.w.  ilI  m  b  n  that  of  the  hlue 

sr-cv'iTin:-     The  distance  of  each 

fiar:  ::   ;hose  cur\es  respcctivelj 

fr.—  M  N  is  uuilerstood  to  be  pro- 

-  -^  "^  p  ru.r^l  to  the  intensity  of  the 

,-  .     -    .     :.;j  T^-u  ir-i  :!■;  relative  l-.rr:i:*  of  the  p^^rpcndicular  iin 

^     .  .  ,j..i  .-r.:  r.:ro>:":s  :'::l^  jr.T-:rti>a  of  the  intensiiiea 

.    1. .,  ■•.;  ;■ .    -7s     IL-.2>^  SI  :Le  jviut  p.  the  thn»e  colours  art? 

:     .  : .  :  "  :•  •"":■  t-  - '"  !*-«  --.'^L?  -.f  the  }-c-n>:*iulioulars  pn,  pn^ 

J     I.     ..  ;.-^  'r.:.\s.::--i:  'Li  r^:j»:.r:::n  of  yeik.w.  the  jsotvnJ  red, 

1.       ; .    J  .-:  :  .^;  -  :i:  r;vi  iL-i  vtllow  m-domiuaiiu^,  the  colour  at 

;  .^  *. ■  . .;  V  ...  .c  .iTi-i"^.'. 

".  :>.  ...^rk  ;.:-.■*>  i:>^^  iXT<rr.:iTs.  atii  the  conclusions  deduced 

:-,c-.   :  -tf-.  , «  S-:  lu^ii  Krewskr,  Lave  been  now  before  the  scientific 

»w\i  :.c  a  v.-  lian  swvaiy  voais^     The  experiments  do  not  appear 
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to  haTB  been  repeated,  nor  the  chromatio  doctrine  inferred  from  them 
to  have  been  yet  generally  assented  to  or  adopted.  The  chromatio 
aiudjau  of  Newton  is  the  only  theory  advanced  by  physical  authors. 
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CHAP.  XII. 

JBPECTliAL  LINES — ^PHOTOMETRIO,  THERMAL,  AND  CHEMICAL  PRO- 
PERTIES OP  THE  SPECTRUM. 

1071.  ^/^imber  of  spectral  lines. — ^If  the  prismatic  spectrum  pro- 
duced under  certain  conditions  be  examined  by  the  aid 
of  a  telescope,  it  will  be  found  to  be  crossed  through- 
out its  entire  length  by  dark  lines  of  various  breadths. 
The  total  number  of  these  lines  is  nearly  seven  hun- 
dred, and  they  are  distributed  over  the  spectrum  with- 
out any  apparent  relation  to  the  limits  of  its  coloured 
spaces. 

Ir^Jig'  358.,  M  N  represents  a  spectrum,  M  being  its 
violet,  and  N  its  red  extremity.  The  arrows  to  the 
left  of  the  diagram  represent  the  boundaries  between 
the  coloured  spaces,  these  spaces  being  indicated  by  the 
letters  R,  o,  t,  g,  b,  i,  and  v. 

The  general  distribution  of  the  spectral  lines  is  ex- 
hibited in  the  diagram. 

It  will  be  observed,  that  in  the  distribution  of  these 
remarkable  phenomena,  there  is  no  apparent  regularity, 
either  in  their  arrangement  or  in  their  intensity.  In 
some  places  they  are  thickly  crowded  together,  while  in 
others  they  are  separated  by  white  spaces,  more  or  less 
considerable.  In  some,  the  lines  are  extremely  fine  and 
scarcely  visible ;  in  others  they  are  of  distinct  breadth 

Among  these  numerous  lines,  seven  were  Belecte(!i 
by  their  discoverer,  Frauenhofer,  as  standards  of  refer- 
ence or  fixed  points  by  which  the  position  of  the  others 
could  be  designated.  These  seven  are  those  marked 
on  the  right  by  the  letters  b',  c',  d',  e',  f',  g',  h'. 

The  &8t  of  these,  b',  is  in  the  middle  of  the  red 
space ;  the  second,  third,  and  fourth,  cf,  i/,  and  e',  are 
nearer  the  boundaries  which  separate  the  red  and 
orange,  the  orange  and  yellow,  and  the  yellow  and 
green;  the  fifth,  f',  is  near  the  middle  of  the  green 
space,  and  the  seventh  near  the  middle  of  the  violet 
space;  while  the  sixth  is  near  the  boundary  which 
separates  the  blue  and  indigo. 

699 


1  • 


Ifift 


UOHT. 


Ihe  nnmben  which  i^peir  in  the  diigrun  befcwMn  CMh  pair  of 
tli«M  lines  indicale  the  nnmher  of  epeotanJ  lines  which  ha?e  been 
•Meituned  to  exist  between  them. 

Thnsi  between  B^  and  d  there  sie  9,  between  d  sod  i/  80,  and  so 
on;  the  entire  number  of  lines  between  the  firsts  B^^  and  the  seventh, 
h'i  being  574.  The  remainder  dl  the  speotral  lines  between  the 
extreme  red  and  b^,  and  between  the  extreme  violet  and  h'|  amoont 
to  abont  100;  bat  they  are  more  diffioolt  dt  observation,  and  have 
not  been  so  precisel j  asoertained. 

A  little  above  the  extreme  red,  there  is  a  well-defined  daik  line  a'  ; 
and  abont  half  way  between  that  line  and  the  line  B^,  there  is  a  dark 
band  composed  of  seven  or  eight  lines. 

It  was  asoertained  by  Franenho&r,  that  these  lines  are  altogether 
independent  either  (^  the  maffoitode  of  the  refracting  anj^  or  of 
the  matter  dt  the  prism;  and  uat  their  number,  otder,  and  intenmty 
are  absolutely  invariable,  no  matter  what  prism  be  used,  pronded 
only  the  li^t  come  thrcnudb,  directly  or  indirectly,  from  ttia  sun. 
Thus  it  is  found  that  the  spectra  produced 
by  moonlight  and  by  the  light  of  the 
planets  give  exactly  the  same  lines. 

1072.  Manner  of  observing  the  speetral 
lines. — The  best  method  of  observug 
these  interesting  phenomena  is  by  means 
of  telescopes  and  a  prism,  represented  in 
Jig,  359.     Let  a  narrow  slit  be  made  in  a 
.  window-shutter  or  a  screen,  so  as  to  admit 

L  a  broad  thin  beam  of  the  sun's  liffht. 

W  i ' .  This  slit  is  represented  in  section  at  nght 

9  '   '  anfflcs  to  its  length  at  o.     The  beam  of 

light  is  received  on  a  prism  of  the  finest 
and  purest  flint  glass  at  p.  After  being 
refracted  by  the  prism,  it  b  received  by  a 
small  telescope,  which  plays  upon  a  grar 
duated  arc,  on  which  is  a  second  telescope 
to  indicate  the  original  direction  of  ^e 
ray  op.  The  angle  under  the  two  tele- 
scopes will  indicate  the  refraction  which 
the  ray  has  sufiered  by  the  prism.  The 
prisms  used  in  these  observations  have 
been  made  of  the  purest  and  finest  flint 
glass,  perfectly  free  from  threads  and  striie. 
The  prism  ought  to  be  placed  at  a  distance 
of  fifteen  or  twenty  feet  from  the  telescope. 
By  turning,  therefore,  the  telescope  or  the  prism,  the  successive 
nys  of  the  spectrum  are  made  to  pass  through  the  telescope,  so  that 
the  spectrum  may  be  viewed  successively  from  one  extremity  to  the 
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other.     The  telescopes  suited  to  these  observations  should  magnify 
from  eight  to  ten  times. 

1073.  Spectral  lines  of  artificial  lights  and  of  the  moonj  planets, 
and  stars.  —  By  these  means  the  spectra  produced  not  only  by  solar 
light,  but  also  by  various  artificial  lights,  as  well  as  electric  light,  have 
been  observed.  The  electric  light  gives  the  spectral  lines  bright  in- 
stead of  dark,  one  of  the  most  remarkable  for  its  brilliancy  passing 
through  the  green  space.  The  flame  of  a  lump,  whether  producea 
by  gas,  oil,  or  spirits,  also  nves  the  spectral  lines  bright  Two  ot 
these  are  especially  distinguishable  in  the  red  and  orange  spaces. 

The  moon  and  planets  have  the  same  dark  lines  as  the  sun,  but  less 
easily  distinguishable,  especially  near  the  extremities  of  the  spectrum. 
The  spectra  produced  by  the  light  of  the  fixed  stars  are  marked  with 
dark  lines,  but  little  different  in  their  number,  intensity,  and  disposi- 
tion from  those  exhibited  in  the  solar  spectrum.  It  is  remarkable 
that  the  spectra  produced  by  different  fixed  stars  differ  from  each 
other. 

1074.  Use  of  spectral  lines  as  standards  of  refrangibility.  — 
The  invariable  position  which  Fraucnhofcr's  lines  are  found  to  have 
in  the  solar  spectrum  has  rendered  them  eminently  useful  for  estab- 
lishing standards  of  refrangibility  of  the  component  parts  of  solar 
light.  From  what  has  been  stated  respecting  the  mdual  variation 
of  the  tints  composing  the  solar  spectrum,  it  may  be  easily  under- 
stood that  much  uncertainty  will  attend  any  methods  of  defining  a 
partacular  ray  to  which  a  certain  index  of  refraction  is  imputed. 
Thus  the  micldle  of  the  red  or  the  middle  of  the  green  space  is  neces- 
airily  an  indefinite  term,  so  long  as  the  limits  of  these  spaces  admit 
of  no  exact  definition. 

The  seven  lines  b',  c',  d',  &c.,  which  have  been  already  notioed, 
hftTe  been  accordingly  adopted  as  points  invariable  in  their  position, 
of  which  the  indices  of  refraction  once  determined  may  always  serve 
«8  standards  of  reference.  The  indices  accordingly  which  have  been 
pven  in  table,  p.  125.,  are  those  which  belong;  to  these  points.  Hi  be- 
— ;  the  index  of  refraction  at  b',  fig  that  of  the  rays  at  o',  n,  at  D', 
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1076.  Belaihe  Udenmif  of  hgki  tn  difereni  fmrf  rf  Oe  spee- 
friMi.  —  Fmoenhofer  also  aaoerteined  by  pbotometrw  obMnralioiui  the 
idatffe  intenntj  of  the  light  in  diiEnrant  perts  (^  the  fpednim. 

The  mult  of  these  observatioiis  is  denoted  by  the  enrre  marked 
^Lnminons  intensity/'  in  J^.  860.;  the  perpeMienlar  distance  of 
eaoh  point  of  this  cnnre  firom  the  edge  of  tbe  speetnim  being  propop- 
Honal  to  the  brillianoy  of  the  light  prodneed  by  a  flint  glass  laism. 
It  appears  firom  this  Uiat  the  most  intense  illnmination  oonesponds  to 
n  pant  abont  the  middle  ^  the  yellow  spaoe. 

In  the  Ibllowmg  table  an  gtnni  the  numerioal  intensities  oi  the 
ether  points,  the  light  of  the  point  of  greatest  intenrity  being  ex- 
pvessed  l>y  1000. 

At  the  red  eztrtndty 000 

AtB' 82 

At  o' - 94 

At  J/ 640 

At  a' 480 

AtF^ 170 

Ato^ 81 

AtH' 6-6 

At  yiolet  extremity 000 

1076.  Relative  calorific  intensity  of  the  spectral  rays.  —  The 
heating  power  of  the  light  composiDff^  the  different  parts  of  the  spec- 
tmm  was  examined  first  by  the  late  Sir  William  Hcrachell,  and  later 
by  M.  Berard,  Sir  H.  Davy,  MM.  Seebeck,  WuDsch,  and,  in  fine,  by 
M.  Mclloni,  who  has  supplied  a  vast  body  of  interesting  experiments 
on  this  subject.  The  general  result  of  these  observations,  the  details 
of  which  would  be  inadmissible  here,  are  as  follows :  — 

The  heatinff  power,  being  nothing  at  the  violet  extremity,  aug- 
ments gradually  as  the  thermometer  is  moved  to  the  red  extremity. 

At  this  point,  or  near  it,  the  heating  power  is  a  maximum ;  but 
the  presence  of  thermal  rays  beyond  the  red  extremity  is  manifested 
by  the  thermometer,  which,  though  it  declines  on  being  moved  b^ 
yond  this  extremity,  continues  to  show  a  temperature  greater  Uian 
that  of  the  surrounding  air,  to  a  considerable  distance  from  the  speo- 
trum. 

We  are  therefore  compelled  to  admit  the  existence  of  invisible  rays 
in  the  sun's  light,  which  have  the  power  of  producing  heat,  and  which 
have  a  less  degree  of  refrangibility  than  red  light 

The  curve  marked  <' Thermal  intensity,"  in^.  360.,  indicates  the 
variation  of  the  heating  power  of  the  rays  of  the  spectrum  in  the  aame 
manner  as  the  former  curve  represented  the  luminous  intensity.  The 
point  of  maximum  thermal  intensity  is  according  to  some  at  the  red 
extremity,  and  according  to  others  a  little  below  it,  but  it  is  found ' 
that  this  depends  in  some  degree  upon  the  material  composing  the 
jprism. 
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1077.  lUlaiive  chemical  intensity  of  the  spectral  rays.  —  The 
action  of  light  in  changing  the  colour  of  certain  substances  has  long 
been  known ;  but  one  ox  the  most  remarkable  of  this  class  of  objects 
has  lately  acquired  increased  interest  from  its  application  in  the  art 
called  Daguerreotype. 

If  the  chemical  substance  called  muriate  of  silver  be  exposed  to 
solar  light,  it  will  be  blackened.  Now,  in  order  to  ascertain  whether 
this  effect  is  due  collectively  to  all  the  rays  composing  solar  light,  or 
is  caused  by  the  action  of  some  rather  than  other  rays,  it  is  only  ne- 
oeasary  to  expose  it  successively  to  all  the  rays  composing  the  pris- 
matic spectrum. 

If  this  be  done,  it  will  be  found  that  the  least  refran^ble  rays  near 
the  red  extremity  do  not  produce  this  effect  in  any  sensible  degree, 
while  the  more  refrangible  rays  at  the  violet  extremity  produce  it  in 
a  very  great  degree ;  m  a  word,  by  ascertaining  and  indicating  the 
intensity  of  this  chemical  action  in  the  same  manner  as  the  intensities 
of  the  illuminating  and  heating  power  as  already  expressed,  we  shall 
be  enabled  to  determine  the  curve  of  chemical  intensity  indicated  in 
Jig.  360.,  from  which  it  appears  that  this  action  is  at  its  maximum 
near  the  boundaries  between  the  violet  and  the  indigo. 


CHAP.  xm. 

OHROBIATIO  ABERRATION. — ACHROMATISM. 

1078.  Chrcmaiic  aberration  of  lenses, — It  appears  from  what 
has  been  established  in  Chap.  X.,  that  the  power  of  a  lens  whether  it 
be  convergent  or  divergent,  and  therefore  also  its  focal  length,  de« 
penda  not  only  on  the  curvature  of  its  surface,  but  on  the  index  of 
refraction  of  the  substance  composing  it. 

Bat,  from  what  has  been  explained  in  the  last  chapter,  it  appears 
thai  the  index  of  refraction  for  the  same  transparent  medium  is  differ- 
ent for  the  different  component  elements  of  light  Thus,  the  index 
of  refraction  for  flint  glass,  which  corresponds  to  violet  light,  is  greater 
than  the  index  of  refraction  for  red  light,  the  former  being  more  re- 
frangible than  the  latter.  The  focal  leneth,  therefore,  of  a  lens  for 
red  l^t,  will  be  different  from  the  focal  length  of  the  same  lens  for 
the  violet  light  This  circumstance  produces  important  consequenoesy 
which  we  smill  now  proceed  to  exphun. 

Let  ABOy Jig.  861.,  be  a  converging  lens,  which  we  will  here  snp- 
poae  to  be  dioable  convex.  Its  focal  length  r  will,  according  to  what 
Mi  been  explained  in  Chapter  X.,  be 

__  r  X  r' 
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iriMresprai  die  bngih  of  the  idffi  of  fli*  Im^  Hid  «  Ae 
i)i  refraedon.  Now,  nnoe  the  index  (ji  rAtMaa  wbieh  eop* 
to  the  oxtnme  TMet  mji  b  grettflt  fbn  the  Mok  of  le- 
ftaotioii  wUoii  eoRoipoiids  to  the  ezlrane  red  nji^  the  vidiie  of  r 
vffl  be  le«  fbr  the  ftmer  thu  for  the  latter;  and.  dnMqMidy,  the 
fteoaof  the  eKtremetMetrKja  will  be  nearer  the  lettBtfaMi  die  iMM 
ef  dM  ezlnme  red  rajs;  and,  in  like  manner,  H  fbllow^  that  Ae 
fteoa  of  the  n^a  of  intennedlOe  reftan^bUMoi  iriH  lie  belMBii  theM 
two  points. 

If  y  and  b,  therefore,  be  the  foci  of  the  extreme  violet  and  ex- 
treme red  rays  respeotiyelj,  the  foci  of  all  the  rays  of  intennediate 
refraDgibilities  will  be  distributed  between  v  and  R. 

Let  us  suppose  any  object  which  transmits  the  extreme  violet  light 
to  be  placed  before  the  lens  at  such  a  distance  that  the  pencil  of  rajs 
proceeding  from  each  point  upon  it  to  the  lens  may  be  considered  as 
consisting  of  parallel  rays ;  an  inverted  image  of  such  object  will  be 
formed  at  v  v',  at  a  distance  b  v  from  the  lens  determined  by  the  pre- 
ceding formula,  n  having  in  it  the  value  which  corresponda  to  the  index 
of  the  extreme  violet  rays. 

If,  now,  a  similar  and  equal  object  be  similarly  placed  before  the 
lens,  but  emitting  the  extreme  red  light  instead  of  the  extreme  violet 
light,  an  inverted  image  of  this  object  will  be  formed  at  rr',  at  a  ^Ua- 
tanoe  b  b  from  the  lens,  determined  in  like  manner  by  the  above  for- 
mula, in  which  the  value  assigned  to  n  shall  be  the  index  of  refraction 
corresponding  to  the  extreme  red  light. 

If,  in  like  manner,  the  object  placed  before  the  lens  be  supposed 
to  be  successively  illuminated  by  all  the  varying  tints  of  the  speo- 
trum,  a  succession  of  inverted  images  correspoudins  in  colour  to  these 
tints  will  be  formed  at  o  o',  yy',  gg',  b  &',  and  t  i\  between  b  and  y. 

Now,  if  the  object  placed  before  the  lens,  instead  of  being  sucoea- 
nvely  illuminated  by  these  various  homogeneous  lights,  be  illumi- 
nated with  the  white  light  of  the  sun,  or  if  such  objeot  bo  the  sun 
itself,  then  the  various  component  parts  of  the  light  which*  it  transmite 
will  be  brought  by  the  lens  to  different  foci  corresponding  to  their 
various  degrees  of  refrangibility,  and  the  lens  will  accordingly  pro- 
duce, not  one  white  image,  but  an  infinite  number  of  coloured  images 
included  between  the  extreme  positions  V  and  b.    Each  ray  will  form 
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an  image,  having  a  position  and  colour  corresponding  to  its  degree 
jf  refrangibilitj,  and  the  spaoe  included  between  y  and  B  will  be  a 
tmncated  oone  filled  with  images,  which  increase  in  magnitude  from 
y  to  a,  and  which,  beginning  with  a  violet  colour  at  y,  pass  Uirough 
all  the  tints  of  the  spectrum ;  the  last  image  at  b  having  a  red  colour 
eonesponding  to  the  red  of  the  extreme  li^ht  of  the  spectrum. 

A  white  screen  held  at  b  would  exhibit  a  well-defined  red  image 
(^  the  object,  if  it  did  not  also  receive  upon  it  the  pencils  of  rays 
forming  aU  the  other  images  between  b  and  y ,  such  pencils  divernng 
horn  the  various  points  of  such  images.  Thus,  a  pencil  which  is 
brought  to  an  exact  focus  upon  the  image  o  (/,  would  form  upon  a 
a  screen  placed  at  r  r',  not  a  point,  but  a  small  spot  of  orange  light 
In  like  manner,  a  pencil  whose  focus  lies  upon  the  image  y  y'  would 
fbnn  upon  a  screen  placed  at  b  a  small  spot  of  yellow  light,  greater 
in  magnitude  than  Uie  spot  of  orange  light,  bemuse  of  the  greater 
distance  of  its  focus  from  the  screen.  In  like  manner,  the  points 
upon  the  image  gg^j  b  6',  1 1',  and  v  o',  would  produce  upon  the  screen 
at  r  luminous  spots  of  green,  blue,  indigo,  and  violet  light,  increasing 
in  magnitude  in  prop^on  to  their  respective  distances  from  the 

The  image,  therefore,  formed  upon  the  screen,  arising  from  this 
combination  of  pencils  of  variously  coloured  lights,  will  exhibit  a  con- 
foaed  representation  of  the  object ;  the  colours  difiiised  over  the  inter- 
nal parts  of  its  area  being  those  which  combined  together  form  white 
Sht,  the  general  area  of  the  image  will  not  be  coloured ;  but  the 
ioored  pencils  thus  mingled  togeUier,  being  none  of  them  brought 
to  their  foci  on  the  screen,  except  those  of  the  extreme  red  light,  a 
eonfouon  will  ensue.  At  the  edges  there  will  be  coloured  fringes, 
becanae  at  the  edges  the  pencils  diverging  from  the  edges  of  the  series 
of  images  do  not  overlay  each  other  as  they  do  at  the  central  pencils ; 
and,  oonseqnently,  the  colours  necessary  for  the  production  (mT  white 
light  are  not  mingled  in  these  pencils. 

The  consequence  of  all  this  is,  that  there  will  be  formed  upon  the 
•oreen  an  image  of  the  object,  everywhere  indistinct,  and  firing  with 
prismatic  colours  at  its  edges. 

The  degree  of  indistinctness  and  the  breadth  of  the  fringes  will 
depend  upon  the  length  of  the  space  y  b;  that  is  to  say,  upon  the 
dispersion  produced  by  the  lens,  and  also  upon  the  difierence  between 
the  magnitudes  of  the  extreme  images  r  /  and  v  v',  which  latter  de 
penda  upon  the  opening  of  the  lens  r  b  r^,  and  on  the  dispersion  y  b 
oonjointly. 

The  consequence  of  this  is,  the  indistinctness  of  the  image  and  the 
eolonred  frin^  arising  from  this  cause  increase  as  the  focal  len^ 
of  the  lens  diminishes,  as  its  opening  increases,  and  as  the  dispersivo 
power  of  the  material  of  which  it  is  composed  increases. 

These  efieots  are  called  the  ckromatic  abtrratian  of  lenses. 
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1679.  jnerrmiim§fmdilfergkiflm§.'^WB  Imtv  •puimI  in  llo 
pneedUng  ^niBples  tut  the  mi  m  a  wawmffom  knt;  and,  oodw- 
jMjf  tlttt  the  image  of  a  dittant  dbjaet  ia  nt^  and  nurf  be  ezhi- 
d  OD  a  aereen. 

if,  howevar,  the  lens  ba  a  dheigiag  lens,  Uie  effiMts  of  aberratioii 

wUl  be  the  Bame,  bat  the  iina^  being  iinagiiiuy  oaanoit  ba  ezbibited  in 

tha  aama  manner.    A  diverging  Iras  A  B  o  is  lepreaented  in  Jl^.  WL 

Let  tha  object,  as  belbre,  be  phused  at  muk.  a  diatanoa  tma  it  that 

Aa  paiioila  prooeeding  from  it  may  be  ooniidered  as  pandleL    After 

King  throni^  the  lena  th^  will  dinrrgei  aa  if  they  had  prooeeded 
i  an  <^geot  placed  at  a  distance  before  the  lens,  equal  to  its  fooai 
Isngih.  ThnSi  if  the  object  emit  red  lisfat^  the  raya  after  paaring 
tionaffh  tha  Ima  will  diverge  as  if  they  had  proceeded  from  r  f'  at 
tha  diateBoa  b  b,  equal  to  the  principal  fbcal  length  corresponding  to 


Fig.  362. 

the  index  of  refraction  of  red  rays,  and  in  like  manner,  if  the  object 
transmit  violet  rays,  the  light,  after  passing  through  the  lens  irUl 
diverge  as  if  it  had  proceed^  from  points  in  an  object  placed  at  v  o', 
and  K»r  the  intermediate  colours  it  would  diverge  as  if  it  had  pro- 
ceeded from  intermediate  points  between  R  and  v. 

Thus,  if,  as  before,  the  object  be  supposed  to  emit  white  solar  light, 
the  rays  after  passing  the  lens  would  diverge  frx>m  points  between  b 
and  y,  varying  according  to  their  refrangibilities  in  the  manner  already 
expressed. 

1080.  Images  formed  by  tingle  lenses  must  always  he  coloured. — 
It  appears,  therefore,  from  what  has  been  here  explained,  that  no 
aingle  lens  can  produce  a  distinct  image  of  an  object  fr:«e  fr^m 
coloured  fringes,  since  to  accomplish  this  it  would  be  necessary  that 
each  lens  should  possess  the  same  power  of  convergence  over  all  the 
component  rays  proceeding  from  all  points  of  such  object. 

But  since  Uie  conver^g  power  of  the  lens  depends  upon  the  index 
of  refraction  of  the  light,  and  since  the  index  of  refraction  varies 
with  the  colour  and  refrangibility  of  the  light,  it  follows  that  unless 
the  object  transmit  light  of  a  single  refrangibility,  that  is  to  say, 
homo^neous  light,  the  lens  cannot  cause  the  pencils  which  proceed 
from  it  to  converge  to  the  same  focus,  and,  consequentiy  cannot  pro- 
duce a  distinct  imam.  This  object,  however,  which  cannot  be  accom- 
plished by  a  single  lens,  may  be  attained  by  a  combination  of  lenses 
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oomposed  (^  transparent  substances^  which  differ  from  each  other  in 
their  dispersiye  powers. 

1081.  CondiUans  under  which  combined  lenses  may  he  rendered 
achromatic, — To  pnt  the  question  first  under  its  most  simple  form,  left 
it  be  required  to  find  what  form  must  be  given  to  two  lenses  com- 
posed of  media  haying  different  refracting  powers,  so  as  to  render  the 
focal  length  of  the  compound  lens  for  light  of  any  one  refrangibilitj, 
equal  to  its  focal  length  for  light  of  any  other  rcfrangibility. 

Let  f'  and  v"  be  the  focal  lengths  of  the  two  lenses  for  light,  of 
which  the  indices  of  refraction  are  n'  and  n"  for  the  media  compos- 
ing the  lenses  respectively. 

hetf  and/"  be  their  focal  lengths  for  light  of  which  the  indices 
of  refinction  are  m'  and  m". 

Let  F  be  the  focal  length  of  the  compound  lens. 

The  converging  power  of  the  compound  lens  on  each  kind  of  light 
will  be  equal  to  the  sum  of  the  converging  powers  of  the  two  lenses 
separately  on  the  same  kind  of  light  The  converging  power  of  the 
compound  lens,  therefore,  on  the  Tight  whose  indices  of  refraction  are 
fi'  and  n'\  will  be 

and  in  like  manner  its  converging  powers  on  the  light  whose  indioef 
(^  lefnction  are  m'  and  m",  is 

Bat  since,  by  the  supposition,  these  two  converging  powers  must 
be  rendered  equal,  we  shall  have 

F'  ^  F"  "■   /'    ^7'^- 

The  question  is,  then,  to  assign  such  magnitudes  to  the  radii  of  the 
Burfiuses  of  the  lenses  as  will  make  them  fulfil  this  condition. 

Let  Ri  and  Rg  be  the  radii  of  the  surfaces  of  the  first,  and  r, 
end  Tt  those  of  the  surfaces  of  the  second  lens.  We  shall  then  have, 
by  the  formulae  given  in  1081.  and  1032., 

1  ^  (n^-l)(R»-R«)        1   ^(n-^-l)(r,-r,), 
F*  R,  X  B«         '       F"  ri  X  rt         ^ 

I  =  (^  — ^)(R.-Ra)        1  ^  (rn"-l)(r,-r,) 
f  Ri  X  R,         '     /"  Ti  X  r, 

jlntsinoe 

1+1=14! 

m2  607 


188  UGHT. 


weBhalllwTe 

1 
{horefera 

1 

1 

1 

(»'-«')(»,- 

".)_ 

_(»" 

—  m' 

")(n- 

-'.). 

R,  X  B, 

»'i 

Xr, 

f 

and  oonaequently 

n'  — m' 

.-ill 

-r.) 

X  B, 

X  B, 

(r,  — B,)  X  r,  X  r,' 

The  numbers  expressed  by  «'  —  w!  and  n"  —  m"  are  the  diffe^ 
ences  between  the  indices  of  the  two  lights  havinff  different  refran- 
nbilities,  which  are  supposed  to  be  transmitted  through  the  lenses. 
These  are  the  dispersiTe  powers  of  the  media  composing  the  lenses 
for  each  of  the  two  lights.  If,  then,  the  radii  of  the  two  lenses  be 
so  selected  as  to  render  the  fraction  expressed  by  the  second  member 
of  the  preceding  equation  equal  to  the  ratio  of  the  dispersive  powers 
of  the  material  of  the  lenses  for  the  two  sorts  of  light,  they  wiU  be 
brought  to  the  same  focus  by  the  compound  lens. 

To  simplify  this,  let  us  divest  the  precediug 
formula  of  its  generality,  and  suppose  that  the 
first  is  a  double  convex  lens  L,  jig.  363.,  with 
equal  radii,  and  that  the  second  is  a  double  con- 
cave lens  l',  the  surface  of  which,  in  contact  with 
the  first,  has  the  same  curvature  with  it,  and  con- 
sequently the  same  radius.  Observing  that  when 
the  convexities  are  turned  in  contrary  directions. 
Fig.  363.  the  radii  have  contrary  signs,  the  preceding  for- 

mulas will  now  be  reduced  to 

v!  —  m*         Ta  —  P 
n"  —  m"  2  Tj 

Now  it  is  always  possible  so  to  select  the  radii  as  to  fulfil  this  con- 
dition ;  and  therefore  a  compound  lens,  composed  of  two  lenses  of 
different  refracting  media,  can  always  be  constructed  which  will  bring 
to  the  same  focus  two  lights  of  different  refrangibilities. 

Let  us  suppose  that  the  double  convex  lens  is  composed  of  crown 
glass,  for  which 

n'  =  1-546566,  m'  =  1-525832, 

and  the  double  concave  of  flint  glass,  for  which 

n"  =  1-671062  m"  =  1-627749  • 

608 


n  shall  tlieiefim  ha,Te 
rf  — 

Hi 

THE  BYE. 
20734      r,- 

-B, 

rom  which  ire  find  that 

48313          2 
=  28-47  X  B,. 

f. 
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The  radios  of  the  second  sur&ce  of  the  double  concave  lens  must  in 
this  case,  therefore,  he  23}  times  the  radius  of  the  double  convex. 

It  is  easy  to  show  that  if  the  two  lenses  were  composed  of  glass 
having  equid  dispersions,  the  result  would  not  supply  a  solution  of 
the  problem ;  for  in  that  case  we  should  have  the  radius  of  the  se- 
oond  sur&ce  of  the  double  concave  lens  equal  to  the  radius  of  the 
doable  convex,  and  conseauently  the  refraction  of  the  two  lenses  would 
neutraliie  each  other,  and  parallel  rays  would  emerge  parallel.  It  is 
therefore  essential  to  the  solution  of  the  problem  that  the  two  lenses 
ahoold  be  composed  of  glass  or  other  transparent  media  having  differ- 
ent dispersive  powers. 

If  the  d]n>er8ive  powers  of  the  two  lenses  for  every  part  of  the  light 
com]X)8ing  the  spectrum  were  in  the  same  ratio,  which  would  be  the 
case  if  the  colours  filled  proportional  spaces  in  the  two  spectra,  the 
lenses,  then,  which  would  bring  two  coloured  rays  to  the  same  focus 
would  bring  all  the  colours  to  that  focus,  and  they  would  be  abso- 
lately  achromatio.  But  it  has  been  already  explained  that  different 
tnmsparent  media  not  only  produce  spectra  of  different  lengths,  but 
divide  them  into  coloured  spaces  in  different  proportions.  It  follows, 
therefore,  that  although  the  radii  of  the  Icuscs  be  in  the  necessary 
proportion  to  their  dispersive  powers  over  lights  of  two  particular  col- 
ours, they  will  not  be  in  the  proportion  necessary  to  bring  the  lights 
of  other  colours  to  the  same  focus.  In  this  case,  nevertheless,  by 
bringing  together  the  extreme  images  r  r'  and  v  v',  the  longitudinal 
chromatic  aberration  R  v  is  considerably  diminished ;  so  much  so,  that 
in  most  cases  the  indistinctness  of  the  image  and  the  coloured  fringes 
are  not  perceptible  with  a  triple  lens,  so  adapted  as  to  achromatize 
rays  of  three  refrangibilities,  such  as  the  extreme  and  mean  rays  of 
the  spectrum :  there  is  thus  an  annihilation  of  chromatic  aberration 
for  aU  practical  purposes,  so  that  achromatism  may  be  conceived  to 
be  realised. 


CHAP.  XIV. 

THE  EYE. 

1082.  Senu  of  tight  an  extensive  source  of  knowledge, — Among 
the  organs  of  sense  there  is  none  from  which  we  derive  so  great  a 
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It  ■  neMiiiy  fcik  to  iiivwl^rte  the  powen  of  the  orpoi  of  a^ght^ 
and  to  detenniiie  the  conditioos  which  Hmit  these  powen^  hefore  ve 
cen  apprecute  the  instnimeiits  by  which  these  limits  are  extended. 

10(^.  Simctwre  of  ike  eye.  — The  eTes,  as  they  exist  in  the  hu- 
man species,  have  the  form,  as  is  well  known,  of  two  sphem,  each 
abont  an  inch  in  diameter,  which  aze  sorroonded  and  protected  by 
strong  bony  sockets  placed  on  each  side  of  the  upper  part  of  the  nose. 
The  external  coating  of  these  spheres  is  lubricated  by  a  fluid  secreted 


Fig.  365. 
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in  adjaeent  glands,  and  spread  upon  them  from  time  to  time  by  the 
action  of  the  eyelids  in  winking. 

The  eje-balls  are  moved  by  muscles  connected  with  them  within 
the  socket  which  move  them  upon  the  principle  known  in  mechanics 
as  the  ball  and  socket  joint 

A  front  yiew  of  the  eyes  and  surrounding  parts  is  represented  in 
jig,  364. ;  and  a  section  of  them  made  by  a  horizontal  plane  through 
the  line  a  b,  which  passes  through  the  centre  of  the  point  of  the  eye- 
balls, is  represented  in^.  365. 

1085.  The  sclerotica  and^cdn^ea.  —  The  external  coating  c  D  F  E 
consists  of  a  strong  and  tough  men^brane,  called  the  sclerotica,  or 
sclerotic  coat.  A  part  of  this  membnin^js  visible  when  the  eye-lids 
are  open  ti,  w,Jig.  364.,  and  is  called  the  ml^ite  of  the  eye.  In  this 
part  of  the  eye-bodl  there  is  a  circular  opening  formed  in  this  sclerotic 
coat,  which  is  covered  by  a  thin  and  perfectly  trai^sparcnt  shell  d  o  F, 
called  the  cornea.  This  cornea  is  more  convex  i\^  the  general  sur- 
fi^e  of  the  eye-ball,  and  may  be  compared  to  a  w^h-glass.  It  is 
connected  round  its  edge  with  the  sclerotica,  which  differs  from  it, 
however,  both  in  colour  and  opacity,  the  sclerotica  being  white  and 

nie,  while  the  cornea  is  perfectly  colourless  and  transparent.     The 
ness  of  this  cornea  is  everywhere  the  same. 
The  cornea  covers  that  part  of  the  point  of  the  eye  which  is  col- 
uired,  and  is  terminated  round  the  coloured  part  at  the  commence- 
uent  of  the  white  of  the  eye. 

1086.  The  aqueous  humour  —  the  iris  —  the  pupil.  —  Within  the 
cornea  is  a  small  chamber  filled  with  a  transparent  liquid,  called  the 
aqiuout  humour.  This  chamber  is  partially  divided  by  a  thin  annu« 
hir  partition  I,  called  the  iris,  in  the  centre  of  which  there  is  a  circu- 
hr  aperture  P,  called  the  pupil.  The  iris  is  a  membranous  sub- 
stance varying  in  colour  in  different  individuals.     It  is  this  which 

S'?e8  the  peculiar  colour  to  the  eye.  It  is  the  pupil  which  presents 
e  appearance  of  a  black  spot  in  the  centre  of  the  coloured  part  of 
the  eye.  A  front  view  of  the  iris  and  pupil  is  given  at  i  and  p,  in 
fig.  364.,  and  a  section  of  them  b  indicated  by  the  same  letters  in 
fig.  365. 

1087.  27i«  crystalline  humour  —  ciliary  processes.  —  The  cham- 
ber containing  the  aqueous  humour  is  terminated  at  its  posterior 
part  by  a  substance  in  the  form  of  a  double  convex  lens,  which  con- 
tains another  transparent  liquid,  called  the  crystalline  humour.  This 
lens  K  is  somewhat  greater  in  diameter  than  the  pupil,  and  it  is  sup- 
ported by  a  ring  of  muscles,  called  the  ciliary  processes,  represented 
at  L,  in  such  a  position  that  its  axis  passes  through  the  centre  of  the 
papil. 

Thus  the  crystalline  and  the  ciliary  processes,  with  the  cornea,  in- 
dnde  the  membrane  containing  the  aqueous  humour. 

1088.  The  choroid.  —  WiUiin  the  sclerotica  is  a  second  coat  N, 
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Qilled  the  choroid.  This  is  a  vascular  membrane  which  lines  the 
internal  sar&ce  of  the  sclerotic  coat^  and  which  terminates  in  front  in 
the  ciliary  processes,  bj  which  the  cirstalline  lens  is  set  in  it  in  the 
same  manner  as  the  cornea  is  set  in  the  sclerotic  coat 

Some  anatomists  maintain  that  the  iris  is  only  a  continuation  of  the 
choroid,  and  that  the  cornea  is  a  continuation  of  the  sclerotic  cott, 
which  there  becomes  transparent  The  inner  sur&ce  of  this  chonud 
coat  is  covered  with  a  slimy  pigment  of  an  intensely  black  colour,  by 
which  the  reflection  of  the  light  entering  the  eye  is  prevented. 

1089.  The  retina  —  the  vUreous  humour,  —  A  third  coating,  re- 
presented at  o,  called  the  retina,  from  the  resemblance  of  its  structoxe 
to  network,  lines  this  black  coating. 

The  internal  membrane  Q  of  the  eye-ball  contains  another  trans- 
parent liquor,  called  the  vitreous  humour,  which  is  included  in  a  mem- 
branous capsule,  called  the  hyaloid. 

Thus  between  the  cornea  and  the  posterior  surface  of  the  eye  there 
are  three  successive  humours;  the  aqueous,  contained  by  the  cornea; 
the  crystalline,  contained  by  the  crj'stallino  lens;  and  the  vitreous, 
which  fills  the  inner  and  larger  chamber  of  the  eye-ball. 

1000.  The  optic  axis  —  the  optic  nerve. — A  straight  line  MT 
passing  through  the  centre  of  the  cornea,  coinciding  with  the  axis  of 
the  crystalline  lens,  and  passing  through  the  centre  of  the  eye-ball,  is 
called  the  optical  axis,  or  the  axis  of  the  eye. 

At  a  point  of  the  posterior  surface  of  the  eye-ball  between  the 
optical  axis  M  T  and  the  nose,  the  sclerotic  coat  is  formed  into  a  tube, 
which  leads  backwards  and  upwards  towards  the  brain.  This  tube 
contains  within  it  the  optic  nerve,  which  at  the  point  c  E,  where  it 
enters  the  eye-ball,  spreads  out  over  the  inner  suiface  of  the  choroid 
and  forms  the  retina,  and  immediately  includes  the  hyaloid  capsule 
containing  the  vitreous  humour. 

The  retina  must  therefore  bo  regarded  as  nothing  more  than  the 
continuation  and  diffusion  of  the  optic  nerve. 

The  retina,  which  in  dissection  admits  of  being  easily  separated 
from  the  choroid,  is  absolutely  transparent,  so  that  the  light  or  colours 
which  enter  the  inner  chamber  of  the  eye  are  not  intersected  by  it, 
but  penetrate  it  as  they  would  any  other  thin  and  perfectly  trans- 
parent substance,  and  are  only  arrested  by  the  black  coating  spread 
upon  the  choroid. 

1 09 1 .  JSTumerical  data  connected  mth  the  human  eye.  —  The  follow- 
ing are  the  average  numerical  data  connected  with  the  eye : — 
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lOOthsoriocli. 

BftdioB  of  Bclerotic  coating 89  to  48 

Badius  of  cornea 28  —  82 

Extemml  diameter  of  irla 43  —  47 

Diameter  of  pupil 12  —  28 

Thickness  of  cornea 4 

IHatance  of  pupil  from  centre  of  cornea. 8 

IMstance  of  pupil  from  centre  of  crystalline 4 

ftadios  of  anterior  surface  of  crystalline 28  —  89 

Radius  of  posterior  surface  of  crystalline 20  —  24 

Diameter  of  crystalline 89 

Thickness  of  do 80 

Length  of  optic  axis 87  —  95 

Index  of  refracUon  from  air  into  aqueous  humour 1'8366 

Index  of  refraction  from  air  into  yitrcous  humour 1  -3394 

Index  of  refraction  from  air  into  crystalline  humour : — 

At  the  surface 1-8767 

At  the  centre 1-8990 

At  the  mean 1-3839 

Index  of  refraction  from  aqueous  humour  to  crystalline  humour: — 

At  the  surffice 10160 

At  the  mean 10358 

Index  of  refkttction  from  yitreous  humour  to  crystalline  humour : — 

At  the  surface 10145 

At  the  mean 1-0332 

According  to  Sir  D.  Brewster,  who  has  supplied  the  preceding  in- 
dices of  refraction,  the  focal  length  of  the  crjstilline  is  1*73  inches. 

1092.  lAmiis  of  the  play  of  the  eye.  —  The  limits  of  the  play  of 
the  eje-ball  are  as  follows :  —  The  optic  axis  can  turn  in  the  horizontal 
plane  through  an  angle  of  60^  towards  the  nose,  and  90^  outwards, 
giving  an  entire  horizontal  play  of  150^.  In  the  vertical  direction  it 
is  a^ble  of  turning  through  an  angle  of  50^  upwards  and  70°  down- 
waitLi,  giving  a  total  vcrticsd  play  of  120°. 

1093.  The  eye  rwt  perfectly  achromatic.  —  Sir  David  Brewster  is 
of  opioion  that  the  eye  is  not  perfectly  achromatic,  hut  that  the  chro- 
matic aberration  is  so  small  as  to  produce  no  indistinctness  of  vision. 
He  sajS;  if  we  shut  up  all  the  pupil,  except  a  part  of  its  edge,  or  look 
past  the  finger  held  near  the  eye,  until  the  finger  almost  hides  a  nar- 
row line  of  white  light,  we  shall  see  a  distinct  prismatic  spectrum  of 
this  line  containing  all  the  usual  colours,  —  an  efiect  which  could  not 
take  place  if  the  eye  were  perfectly  achromatic. 

1094.  Bui  must  be  very  nearly  so,  —  Nevertheless,  it  is  certain 
that  if  the  achromatism  of  the  eye  be  not  perfect,  it  is  very  nearly  so. 
In  the  analogy  observable  between  the  forms  and  relative  densities  of 
the  transparent  humours  which  compose  this  organ,  the  achromatic 
combination  of  lenses  is  too  striking  to  be  casual ;  and  we  are  irre- 
sistibly impressed  with  the  conviction  that  the  combination  is  made 
to  be  nearly  achromatic.  Tlie  two  roeniscuses  formed  by  the  aqueous 
fend  vitreous  humours,  having  the  double  convex  crystalline  placed 
between  them  of  greater  density  than  either,  and  the  two  former  diflbi^ 
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!ng  from  each  other  in  density,  appear  to  fulfil  the  conditions  of  achro> 
luatiBm  in  a  striking  manner;  and  it  is  doubtless  to  this  combioatioii 
that  is  due  the  apparent  freedom  from  colour  in  the  image  depicted  on 
the  retina. 

1095.  Spherical  aberration  of  the  eye  corrected.  —  Sir  David 
Brewster  is  also  of  opinion  that  the  spherical  aberration  of  the  eye 
is  corrected  by  the  varying  density  of  the  crystalline  lens,  which, 
having  a  greater  refractive  power  near  its  centre,  refracts  the  centrd 
rays  in  each  pencil  to  the  same  point  as  its  external  rays. 

The  optic  nerves  R,  which  proceed  from  the  two  eyes,  decussattf 
that  is,  cross  each  other  like  the  letter  X,  before  they  reach  the 
brain. 

1096.  Effect  of  an  illuminated  object  placed  before  the  fyf.— 
The  structure  of  the  eye  being  thus  understood,  it  will  be  easy  to 
explain  the  effect  produced  within  it  by  luminous  or  illuminated 
objects  placed  before  it. 

JjCt  us  suppose  a  pencil  of  light  proceeding  from  any  lumincms 
object,  such  as  the  sun,  incident  upon  that  part  of  the  eye-ball  which 
is  left  uncovered  by  the  open  eye-lids. 

That  part  of  the  pencil  which  falls  upon  the  white  of  the  eye  w, 
Jig.  304.,  is  irregularly  reflected,  and  rendei"s  visible  that  part  of  the 
eye-ball.  Those  rays  of  the  pencil  which  fall  upon  the  cornea  pass 
through  it.  The  exterior  rays  fall  upon  the  iris,  by  which  they  are 
irregularly  reflected,  and  render  it  visible.  The  internal  rays  pass 
through  the  pupil,  are  incident  upon  the  crystalline,  which,  being 
transparent,  is  also  penetrated  by  them,  from  which  they  pass  through 
the  vitreous  humour,  and  finally  reach  the  posterior  surface  of  the 
inner  part  of  the  eye,  where  they  penetrate  the  transparent  retina, 
and  are  received  by  the  blaek  surface  of  the  choroid,  upon  which  they 
produce  an  illuminated  spot. 

The  afjueous  humour  being  more  dense  than  the  external  air,  and 
the  surface  of  the  cornea,  which  includes  it,  being  convex,  rays  pass- 
ing from  the  air  into  it  will  be  rendered  more  convergent  or  less 
divergent.  In  like  manner,  the  anterior  surface  of  the  crystalline 
lens  being  convex,  and  that  humour  being  more  dense  than  the 
aqueous,  a  further  convergent  ciFect  will  be  produced. 

Again,  the  posterior  surface  of  the  crystalline  being  convex  towards 
the  vitreous  humour,  and  this  latter  humour  being  less  dense  than 
the  crystalline,  another  convergent  effect  will  take  place.  These  rays 
passing  successively  through  these  three  humours,  are  rendered  at 
each  surface  more  and  more  convergent. 

1097.  Imat/e  formed  within  the  eye,  —  If  an  object  be  placed  be- 
fore the  eye,  pencils  of  rays  will  prweed  from  it,  and  penetrate  the 
successive  humours;  and  if  these  pencils  be  brouglit  to  a  focus  at  the 
posterior  surface  of  the  eye,  an  inverted  image  of  the  object  will  be 
formed  there,  exactly  as  it  ^ould  be  formed  by  lenses  composed  of 
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inj  transparent  medium  whose  refracting  powers  would  correspond 
with  each  of  the  humours  of  the  eye. 

1098.  lUperimental proof  of  its  existence,  —  That  this  phenome- 
non ia  actually  produced  in  the  interior  of  the  eye  may  he  rendered 
experimentally  manifest  by  taking  the  eye-ball  of  an  ox  recently 
killed^  and  dissecting  the  posterior  part,  so  as  to  lay  bare  the  choroid. 
If  the  eye  thus  prej)ared  be  fixed  in  an  aperture  in  a  screen ,  and  a 
candle  uq  placed  before  it  at  a  distance  of  eighteen  or  twenty  inches, 
an  inverted  image  of  the  candle  will  be  seen  through  the  retina,  as  if 
it  were  produced  upon  ground  glass  or  oiled  paper. 

1099.  Immediate  cause  of  vision.  —  It  appears,  then,  that  the  im- 
mediate cause  of  vision,  and  the  immediate  object  of  perception  in  the 
Bensorium  when  we  see,  is  the  image  thus  depicted  on  the  retina  by 
means  of  the  refracting  powers  of  the  humours  of  the  eye. 

1100.  Conditions  of  perfect  vision.  —  In  order,  therefore,  to  per- 
fect vision,  the  following  conditions  must  be  fulfilled :  — 

1^.  The  image  on  the  retina  must  be  perfectly  distinct. 

2^.  It  must  have  sufficient  magnitude. 

3^.  It  must  be  sufficiently  illuminated. 

4^.  It  must  continue  on  the  retina  for  a  sufficient  length  of  time. 

Let  us  examine  the  circumstances  which  affect  these  cciuditions. 

1101.  1°.  Distinctness  of  the  image. 

The  image  formed  on  the  retina  will  be  distinct  or  not,  according 
•8  the  pencils  of  ravs  proceeding  from  each  point  of  tlie  object  placed 
befiire  the  eye,  are  brought  to  an  exact  focus  on  the  retina  or  not  If 
they  be  not  brought  to  an  exact  focus  on  the  retina,  their  focus  will 
be  a  point,  therefore,  beyond  the  retina,  or  ^vithin  it 

In  either  case,  the  mys  proceeding  from  any  part  of  the  object,  in- 
stead of  forming  a  corresponding  point  on  the  retina,  will  form  a  spot 
of  more  or  less  magnitude,  according  to  the  distance  of  the  focus  of 
the  pencil  from  the  retina,  and  the  assemblage  of  such  luminous  spots 
will  form  a  confused  picture  of  the  object.  This  deviation  of  the 
(bet  of  the  pencils  from  the  retina  is  caused  by  the  refracting  powers 
of  the  eye  being  either  too  feeble  or  too  strong.  If  the  refracting 
power  be  too  feeble,  the  rays  are  intercepted  by  the  retina  before  they 
are  brought  to  a  focus ;  if  the  refracting  power  be  too  strong,  they  are 
brought  to  a  focus  before  they  arrive  at  the  retina. 

1102-  Ejects  of  distant  and  near  objects.  —  The  objects  of  vision 
may  be  distributed  into  two  cla,sses,  in  relation  to  the  refracting  powers 
of  the  eye :  1st,  those  which  are  at  so  great  a  distance  from  the  eye, 
that  the  pencils  proceeding  from  them  may  be  regarded  as  consisting 
of  parallel  rays ;  2dly,  those  which  are  so  near  that  their  rays  have 
sensible  divergence. 

It  has  been  stated  that  the  diameter  of  the  pupil  varies  from  i  to  I 
aa  inch  in  magnitude,  the  variation  depending  upon  a  power  of  dila- 
tation and  contraction  with  which  the  iris  is  endued.     Taking  tho 
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Auneter  of  tbe  papn  at  ito  gicitest  magnitoJe  of  m  qmrter  of  a 
inch,  pendlfl  prooeedinff  from  an  oljecl  pwoed  at  the  distenoe  of  time 
feet  finim  the  eje  woidd  hare  an  ertreme  diTeigence  amoantmg  to 
kfli  than  half  a  degree ;  and  if  the  pnpfl  he  in  its  most  contnctod 
state  when  its  diameter  is  onlj  the  one-eigfadi  oif  an  ineh,  then  thi 
diTergence  of  the  pencils  proceeding  frnn  sodi  an  object  wonll 
amount  to  about  fifteen  minates  of  a  decree.  It  maj  therefore  be 
eoncloded,  that  pencils  proceeding  from  all  objects  more  distant  fraa 
the  eye  Uian  two  or  three  feet,  maj  be  regarded  as  consisting  of 
parallel  rays. 

The  pencils  of  rays,  therefore,  proceeding  from  all  snch  objects  will 
be  made  to  converge  to  the  principal  focus  of  the  eye. 

1103.  PosUian  of  the  optical  centre  of  the  eye,  —  Sir  David  Brew- 
ster concludes  from  observations  niado  by  him  that  the  optical  centre 
of  the  eye,  that  b  to  say,  the  point  at  which  the  axes  of  secondaiy 
pencils  intersect  the  optic  axis,  is  situate  in  the  geometric  centre  d 
the  eye-ball,  and  consequently  must  be  a  little  within  the  crystalline. 
If,  tbercfore,  round  this  centre  wc  imagine  a  spherical  surfu%  de- 
scribed, whose  radius  is  equal  to  the  focal  distance  of  the  combination 
of  the  humours  of  the  eye,  the  imajre  of  all  objects  more  distant 
from  the  eve  than  two  or  three  feet  will  be  found  on  such  a  surface. 
Now,  since  the  retina  is  spread  over  tbe  surface  of  the  choroid,  and 
since  tbe  form  of  tbe  eve  is  spherical,  and  its  diameter  but  an  inob, 
it  fallows  that  tbe  retina  is  a  spherical  surface,  whose  centre  c«.^incides 
with  tbe  optical  centre  of  tbe  eye,  and  which  is  at  a  distance  fn>ni 
that  centre  of  about  balf  an  inch.  If  the  distance  of  tbe  retina  from 
this  centre  be  exactly  equal  to  the  focal  distance  of  the  humours, 
then  tbe  f«xri  of  all  pencils  of  parallel  rays  entering  the  eye  will  be 
formed  upon  it,  and  consequently  it  will  receive  distinct  images  of  all 
objects  wb»>se  distance  from  tbe  eye  exceeds  two  or  three  feet.  But 
if  tbe  focal  distance  of  the  humours  be  less  or  greater  than  that,  then, 
as  already  stated,  tbe  image  on  tbe  retina  will  be  indistinct. 

1104.  Optical  remedies  for  defects  in  the  refracting  powers  of  the 
eye.  —  Tbe  remedy  for  sucb  a  defect  in  vision  is  supplied  by  the  pro- 
perties of  convergent  and  divergent  lenses,  already  explained. 

If  tbe  eye  possess  too  little  convergent  power,  a  convergent  lens  is 
placed  before  it,  which,  receiving  tbe  parallel  pencils,  renders  them 
convergent  when  they  enter  tbe  pupil,  and  tbis  enables  the  eye  to  bring 
them  to  a  focus  on  the  retina,  provided  the  power  of  the  lens  be  equd 
to  the  deficient  convergence  of  tbe  eye. 

If,  on  the  other  band,  tbe  convergent  power  of  the  eye  be  too  great, 
so  tbat  tbe  parallel  rays  are  brought  to  a  focus  before  arriving  at  the 
retina,  a  divergent  lens  is  placed  before  tbe  eye,  by  means  of  which 
parallel  pencils  are  rendered  divergent  before  they  enter  the  pupil ; 
and  the  power  of  the  lens  is  so  adapted  to  the  convergent  power  of 
tbe  eye.  that  the  rays  shall  be  brought  to  a  focus  on  the  retina. 
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The  two  oppomte  defects  of  vision  here  indicated  are  generally 
called,  the  one  weak-sighUdness  or  far-sightedness,  and  the  other 
nearsighiedness. 

If  tlie  ohjects  of  vision  he  placed  so  near  the  eye  that  the  rays 
composing  the  pencils  which  proceed  from  them  have  sensible  diver- 
gence, then  the  foci  of  these  rays  within  the  eye  will  be  at  a  distance 
from  the  optical  centre  greater  than  the  principal  focus.  If,  there- 
fore, in  this  case,  the  pnncipal  focus  fall  upon  the  retina,  the  focus 
of  rays  proceeding  from  such  near  objects  would  fall  beyond  it,  and 
consequently  the  image  on  the  retina  would  be  indistinct. 

1 105.  Power  of  the  eye  to  adapt  itself  to  objects  differently  dis- 
iant.  —  It  follows,  therefore,  that  eyes  which  see  distant  objects  at 
the  greater  class  of  distances  would  see  indistinctly  all  objects  at  loss 
distances,  unless  there  were  in  the  eye  some  means  of  self-adjustment, 
by  which  its  convergent  power  may  be  augmented.  Such  means  of 
Belf'<idjustment  are  provided,  which  operate  within  certain  limit*,  and 
by  which  we  arc  enabled  so  to  accommodate  the  eye  to  the  divergence 
of  the  pencils  proceeding  from  near  objects,  that  the  same  eyes  which 
axe  capable  of  seeing  distinctly  objects  sensibly  so  distant  as  to  ren- 
der the  rays  of  the  pencils  sensibly  parallel,  are  also  capable  of  seeing 
with  equal  distinctness  objects  at  distances  varying  from  ten  to  twelve 
inches  and  upwards. 

1106.  Experiment aJ  proof  of  this  power.  — By  what  means  the 
convergent  power  of  the  humours  is  thus  varied  is  not  certainly 
known,  but  that  such  means  of  self-adjustment  exist  may  be  proved 
by  the  followine  experiment. 

Let  a  small  black  spot  bo  made  upon  a  thin  transparent  plate  of 
glass,  and  let  it  be  placed  at  a  distance  of  about  twelve  inches  from 
the  eye.  If  the  eye  be  directed  to  it,  the  spot  will  be  seen  as  well  as 
distant  objects  visible  through  the  glass.  Let  the  attention  be  ear- 
nestly directed  to  the  black  spot,  so  that  a  distinct  perception  of  its 
form  may  be  produced.  The  objects  visible  at  a  distance  will  then 
De  found  to  become  indistinct. 

But  if  the  attention  be  directed  more  to  the  distant  objects,  so  as 
to  obtain  a  distinct  perception  of  them,  the  perception  of  the  black 
spot  on  the  glass  will  then  become  indistinct.  It  is  evident,  there- 
foe,  that  when  the  eye  accommodates  itself  so  as  to  form  upon  the 
retina  a  distinct  image  of  an  object  at  twelve  inches'  distance,  the 
image  produced  by  objects  at  great  distances  will  become  indistinct; 
and  that,  on  the  other  hand,  when  the  eye  so  accommodates  itself  as 
to  render  the  image  produced  on  the  retina  by  disbuit  objects  distinct, 
the  image  produced  by  an  object  at  twelve  inches  distance  will  become 
indistinct. 

1107.  Hypotheses  which  explain  this  power.  —  It  is  evident, 
therefore,  that  the  power  of  the  eye  to  refract  the  pencils  of  light  in- 
cident upon  it,  is  to  a  certain  extent  under  the  control  of  the  will ; 
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htA  tv  irihii  Mtsfift  tbia  obii^  ia  the  tefrftcdng  power  «f  Ac  ^ 
IS  awu  is  aoi  K  App&re&t^  V  arioiu  bypothc^es  bAxe  been  advmed 
to  ezphin  it  Acoordiog  to  «amQ^  the  fonn  of  the  «ye-lmll,  \j  « 
■nmnhf  aolioii,  is  changed  in  snoh  &  manner  u  to  incrcise  ifai 
liMgili  of  the  opdc  miv^  and  thus  to  renaoTe  the  poateiior  gar&ei  tf 
the  ratiiia  to  a  grc^iter  dUt&tice  (rom  the  ctjsUIUdc,  when  it  is  im» 
IHJ  to  obtein  a  dbtinct  riew  of  near  objecta ;  and,  an  the  cotttain 
to  ekmgate  the  tr^nfrvcrse  dmmeter  of  the  eje^  and  @hort^  the  dfil 
■xk  io  ae  to  hricg  the  retina  closer  to  the  crystallinef  when  it  is  d*- 
■red  to  obtein  a  distinct  view  of  distant  objects. 

Aoeoidinff  to  otben,  this  change  of  form  is  only  effected  in  iht 
eoneay  whidi  being  repdered  more  or  le^  convej  by  a  mnscukr  >e- 
tioOy  ipwm  a  greater  or  leaa  convergent  pover  to  the  a<|iieoQs  hnmour. 
Aeeoffdiiig  to  othen,  the  eye  aocommodates  itself  to  difi^ereot  d» 
tnen  bj  tb  aetion  of  the  cryatallmc,  which  is  moved  by  the  cilitiy  i 
pneOMi  either  towards  or  from  the  cornea,  thoa  traosf erring  the  fiaeai  ^ 
of  iqff  pfooeeding  from  it  within  a  certain  limit  of  distance  ta  flri 
firom  the  retina;  or,  by  a  similar  action  of  the  ciliary  procees,  ibe 
crystalline  lena  may  be  supposed  to  be  rendered  more  or  less  ooDTex, 
and  thus  to  increase  or  diminish  its  convergent  power. 

None  of  these  hypotheses  have,  however,  found  general  aooeptip 
tion.  It  is  denied  as  a  matter  of  fact,  that  the  eye-ball  is  elongi^ 
or  that  the  curvature  of  the  cornea  is  changed ;  and  it  is  doubted,  to 
say  the  least  of  it,  that  the  crystalline  is  capable  either  of  displace- 
ment or  change  of  convexity. 

1108.  Explanation  proposed  by  M.  PouilleL  —  M.  Pouillet  maia- 

tains  (and  affirms  that  his  opinion  is  founded  on  the  dissection  of  i 

great  number  of  crystalline  lenses)  that  this  humour  is  composed  <^ 

layers  or  strata  one  within  another,  differing  in  curvature  and  denaty, 

80  that  its  section  would  exhibit  a  series  of  conoentrical  ellipses  hav- 

inff  varyioff  eccentricities.     It  would  follow  from  this,  that  the  inter- 

lud  strata  being  more  curved  and  more  dense  than  the  external  strata, 

the  rays  which  pass  from  the  latter  will  converae  to  a  more  distant 

point  than  those  which  pass  from  the  former.     The  crystalline,  there- 

on,  aooording  to  M.  Pouillet^  has  not  one  but  many  difierent  foci. 

When  a  pracil  of  rays  fidls  upon  it,  those  rays  which  are  near  the 

I  of  the  pendly  and  Uierefore  near  the  centre  of  the  crystalline,  an 

Dghi  to  a  shorter  focus  than  those  which  are  near  the  borden. 

jotding  to  the  hypothesis  advanced  by  M.  Pouillet,  the  eye  sees 

jt  olgeotap  therefbrey  by  means  of  the  central  rays,  and  distant  ob- 

UM  of  thoM  rays  which  fall  near  the  borders  of  the  crys- 

hioh  proceed  from  near  objects  being  more  divergent 

i  proeeed  from  distant  objects,  are  refracted  by  the 

I  fl^fstalliney  lo  as  to  be  brought  to  a  focus  on  the 

Aof  the  Mine  pencil  which  woold  Call  upon  the 
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iMtden  of  the  crystalline  would  be  brought  to  a  focus  beyond  the 
»Cina. 

When  pencils,  however,  proceed  from  objects  so  distant  that  the 
rays  composing  them  may  be  regarded  as  parallel,  the  central  rays  of 
loeh  pencils  would  be  brought  to  a  focus  before  arriving  at  the  retina, 
while  the  rays  falling  near  the  borders  of  the  crystiQline  would  bo 
brought  to  a  focus  upon  the  retina.  Now,  according  to  these  condi- 
dons,  it  would  follow,  that  a  certain  confusion  of  vision  would  ensue 
in  both  cases ;  for  near  objects,  the  image  produced  by  the  central 
mya  would  be  rendered  confused  by  the  rays  passing  near  the  borders 
of  the  crystalline,  which  meet  the  retina  before  they  are  brought  to  a 
focus;  and  in  the  case  of  distant  objects,  the  image  formed  by  the 
rays  passing  near  the  borders  of  the  crystalline  would  be  rendered 
oonfosed  by  those  which  pass  near  the  centre  of  the  crystalline,  and 
which  are  brought  to  a  focus  before  they  arrive  at  the  retina. 

M.  Pouillet  meets  these  difficulties  by  the  following  considerations. 
He  supposes  that  when  the  eye  views  near  objects  the  pupil  coutracts 
itself,  BO  as  to  intercept  to  a  greater  or  less  extent  the  external  rays 
of  the  pencils,  and  to  admit  only  to  the  crystalline  those  which  fall 
immediately  under  its  axis.  In  this  way  the  confusion  which  would 
be  produced  by  the  external  rays  of  the  pencils  is  prevented.  But 
the  same  expedient  would  not  prevent  the  confusion  produced  in  the 
image  of  distant  objects  by  the  central  rays  of  the  pencils  brought  to 
a  focus  before  arriving  at  the  retina.  This  difficulty  M.  Pouillet 
answers,  by  stating  tuat  the  comparative  number  of  the  central 
rays  is  so  small  that  their  action  upon  the  retina  is  inconsidenible 
compared  with  that  of  the  external  rays,  and  that  consequently  their 
effect  is  not  sensible. 

M.  Pouillet  appeals  to  observation  to  establish  the  fact  that  the 
papil  always  contracts  when  the  eye  views  near  objects. 

1109.  lAmits  of  the  power  of  adaptation  to  varying  distance. — 
Whatever  be  the  provisions  made  in  the  organization  of  the  eye,  by 
which  it  is  enabled  to  adapt  itself  to  the  reception  of  divergent  pencils 
proceeding  from  near  objects,  the  power  with  which  it  is  thus  endued 
has  a  certain  limit.  Thus,  eyes  which  see  distinctly  distant  objects, 
and  which  therefore  bring  parallel  rays  to  a  focus  on  the  retina  in 
their  ordinary  state,  are  not  capable  of  seeing  distinctly  objects  brought 
nearer  to  them  than  ten  or  twelve  inches.  The  power  of  accommo- 
dating the  vision  to  different  rays  is  therefore  limited  to  a  divergence 
not  exceeding  that  which  is  determined  by  the  diameter  of  the  pupil 
compared  with  a  distance  of  ten  or  twelve  inches.  Now,  as  the  di- 
ameter of  the  pupil  is  most  contracted  when  the  organ  is  directed  to 
each  near  objects,  we  may  assume  it  at  its  smallest  magnitude  at  one- 
eighth  of  an  inch,  and  therefore  the  divergence  of  a  pencil  proceeding 
from  a  distance  of  twelve  inches  would  be  ^V^h,  and  the  angle  of  di- 
Teraenoe  would  therefore  be  very  nearly  half  a  degree. 
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It  may,  therefiMrei  be  aatumed  that  eyes  adapted  to  the  raioii  of 
distant  obiectB  are  in  general  incapable  of  eeeing  diatinctlY  objeda 
from  wluch  pencils  have  greater  divergence  than  thisyor,  which  is  tfie 
same,  objects  applied  at  less  than  ten  or  twelve  inches  firom  the  eye. 

1110.  Ca»e  of  eyes  having /eebU  amoergeni  pomer.  — In  the  esse 
of  eyes  whose  convergent  power  is  too  feeble  to  bring  pencils  proceed- 
iqg  firom  distant  objects  to  a  focus  on  the  retina,  they  will  be  in  a  still 
mater  degree  inadeqoate  to  bring  pencils  to  a  focos  which  divem 
nom  near  objects;  and  consequently  such  eyes  will  require  to  be 
aided,  for  near  as  well  as  distant  objects^  by  the  interposition  of  oon- 
femnt  lenses.  It  would,  however,  be  necessary  to  provide  lenses  of 
different  convergent  powers  for  distant  and  near  objects,  the  latter  re- 
quiring a  greater  conver]^t  power  than  the  former;  and  in  genoal. 
Uie  nearer  the  objects  viewed,  the  greater  the  convergent  power  r&> 
quired  from  the  lens. 

1111.  Cose  of  eyes  having  strong  convergent  power, — In  the 
case  of  eyes  whose  convergent  power  is  so  great  as  to  bring  pencils 
proceeding  from  distant  objects  to  a  focos  short  of  the  retina,  and 
which  thercforo,  for  such  distant  objects,  require  the  intervention  of 
divergent  lenses,  distinct  vision  will  be  attained  without  the  inter- 
position ef  any  lens,  provided  the  object  be  placed  at  such  a  distance 
that  the  divergence  of  the  pencils  proceeding  from  it  shall  be  such 
that  the  convergent  power  of  the  eye  bring  them  to  a  focus  on  the 
retina. 

Hence  it  is  that  eyes  of  this  sort  arc  called  shorl-sightcdy  because 
they  can  see  distinctly  such  objects  only  as  arc  placed  at  the  distance 
which  gives  the  pencils  proceeding  from  them  such  a  divergence,  that 
the  convergent  power  of  the  eye  would  bring  them  to  a  focus  on  the 
retina. 

1112.  Mctltod  of  ascertaining  the  power  of  the  lens  required  hy 
defective  eyes,  —  If  it  be  desired  to  ascertain  the  focal  length  of  the 
divergent  lens  which  such  an  eye  would  require  to  see  distant  objects 
distinctly,  it  is  only  necessary  to  ascertain  at  what  distance  it  is  en- 
abled  to  see  distinctly  the  same  class  of  objects  without  the  aid  of  a 
lens.  A  lens  having  a  focal  length  equal  to  this  distance  will  enable 
the  eye  to  see  distant  objects  distinctly,  because  such  a  lens  would 
give  the  parallel  rays  a  divergence  equal  to  the  divergence  of  pencUs 
proceeding  from  a  distance  equal  to  its  focal  length. 

1113.  Power  of  adaptation  to  varying  distance  in  short-stghled 
eyes, — Persons  are  said  to  bo  more  or  less  near-sighted,  according 
to  the  distance  at  which  they  are  enabled  to  see  objects  with  per- 
fect distinctness,  and  they  accordingly  re(|uire,  to  enable  them  to 
sec  distant  objects  distinctly,  diverging  lenses  of  greater  or  less  focal 
length. 

As  persons  who  are  enabled  to  see  distant  objects  distinctly  have 
the  power  of  accommodating  the  eye  so  as  to  see  objects  at  ten  or 
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tmdyt  inohei^  distuioe,  so  shortrsightecl  persont)  have  a  similar  power 
of  aooommodBiion,  but  within  proportionally  smaller  limito.  Thus  a 
ihort-flighted  penon  will  be  enabled  to  see  distinctly  objects  placed 
at  difltanoea  from  the  eye  varying  from  two  or  three  inches  upwards, 
aeoording  to  the  degree  of  short-sightedness  with  which  he  is  affected. 

1114.  Causes  ^  short  sight  and  long  sight,  —  The  two  opposite 
defects  of  vision  which  have  been  mentioned,  arising  from  too  great 
or  too  little  convergent  power  in  the  eye,  may  arise,  either  from  a 
defect  in  the  quality  of  the  humours  or  in  the  form  of  the  eye.  Thus 
near-sigbtedness  may  arise  from  too  great  convexity  in  the  cornea  or 
in  the  crystalline,  or  it  may  arise  from  too  great  a  difference  of  den- 
sity between  the  aqueous  humour  and  the  crystalline,  or  between  the 
crystalline  humour  and  the  vitreous,  or  both  of  them  ;  or,  in  fine,  it 
may  arise  from  defects  both  of  the  form  and  of  the  relative  densities 
of  the  bumours. 

1115.  Defective  sight  arising  from  imperfect  transparency  oj  the 
himours.  —  In  a  certain  class  of  maladies  incidental  to  the  sight,  the 
hnmoors  of  the  eye  lose  in  a  greater  or  less  degree  their  transparency, 
and  tbe  crystalline  humour  is  more  especially  liable  to  this.  In  such 
oases  vision  is  sometimes  recovered  by  means  of  the  removal  of  the 
crystalline  humour,  in  which  case  the  vinion  is  reduced  to  two 
hnmoors,  the  aqueous  and  the  vitreous ;  but  as  the  eye  owes  in  a 
greater  degree  to  the  crystalline  than  to  the  other  humours  the  con- 
vergent power,  it  is  necessary  in  this  case  to  supply  the  place  of  the 
crystalline  by  a  very  strong  convergent  lens  placed  before  the  eye. 

1116.  2^  Magnitude  of  tii£  image  on  the  retina. 

In  order  to  obtain  a  perception  of  any  visible  object,  it  is  not  enough 
ihmt  the  image  on  the  retina  be  distinct,  it  must  also  have  a  certain 
magnitude. 

Let  us  suppose  that  a  white  circular  disk,  one  foot  diameter,  is 
placed  before  the  eye  at  a  distance  of  57^  feet. 

The  axes  of  the  pencils  of  rays  proceeding  from  such  disk  to  the 
eye  will  be  included  within  a  cone,  whose  base  is  the  disk,  and  whose 
vertex  is  in  the  centre  of  the  eye. 

These  axes,  after  intersecting  at  the  centre  of  the  eye,  will  form 
another  cone,  whose  base  will  be  the  image  of  the  disk  formed  upon 
the  redna.  The  oommon  angle  of  the  two  cones  will  in  this  case 
be  P. 

Let  A  B,  fg.  366.,  be  the  diameter  of  the  disk.  Let  o  be  the 
eontre  of  the  eye,  and  let  6  a  be  the  diameter  of  the  image  on  the 
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retiiiA.  It  is  dear,  from  the  perfeet  nmiliritj  of  the  trini|^  AOB 
and  aobf  that  the  diameter  of  the  image  b  a  inll  have  to  the  diameter 
of  thecAgeotBA  theiamepropcKrtionaatiiediaiaiioeaoof  theietiM 
from  the  eentie  o  has  to  the  diatanee  A  o  of  the  olneot  from  the  aame 
oentie.  Therefore  in  this  caaey linoe one-half  the&meterof  the  eje 
is  hat  half  an  indk,  and  the  distance  A  o  is  in  this  case  sapposed  to 
he  57i  feet,  the  macnitiide  of  the  diameter  5a  of  the  image  on  the 
retina  will  be  fonnd  l)j  the  Mowing  proportion : —  j 

a  5  :  A  B  : :  }  :  57}  X  12  =  690. 
Theielbie  we  have 

|x  AB  _'  6   _    1 
"  690     "690"116' 

The  total  magnitude,  therefore,  of  the  diameter  of  the  image  OD 
the  retina  would  in  this  case  bo  the  tVt^^  P^^  ^^  ^^  "^  i  J^  ^^ 
is  the  ezqniate  sennbOitj  of  the  oigan,  that  the  object  is  in  this  cast 
distinetlj  viable. 

If  the  disk  were  removed  to  twice  the  distance  here  supposed,  the 
angle  of  the  cone  c  would  be  reduced  to  half  a  degree^  and  the  diame- 
ter of  the  image  on  the  retina  would  be  reduced  to  one-half  its  for- 
mer magnitude,  that  is  to  say,  to  the  ^i^th  part  of  an  inch.  If,  on 
the  other  hand,  the  disk  were  moved  towards  the  eye,  and  placed  at 
half  its  original  distance,  then  the  angle  c  of  the  cone  would  be  2®, 
and  the  diameter  of  the  picture  on  the  retina  would  be  double  its  fibrst 
magnitude,  that  is  to  say,  the  j' 5th  of  an  inch. 

In  general,  it  may  therefore  be  inferred  that  the  magnitude  of  the 
diameter  of  the  picture  on  the  retina  is  increased  or  diminished  10 
exactly  the  same  proportion  as  the  angle  of  the  cone  c,  formed  at  the 
centre  of  the  eye,  is  increased  or  diminished. 

1117.  The  visual  angle  or  apparent  magnitude.  —  This  angle  if 
called  the  visual  angle  or  apparent  magnitude  of  the  object;  and 
when  it  is  said  that  a  certain  object  subtends  at  the  eye  a  certaii 
angle,  it  is  meant  that  lines  drawn  from  the  extremities  of  such  objed 
to  the  centre  of  the  eye  form  such  angle. 

The  apparent  magnitude  of  an  object  must  not  be  confounded  witl 
its  apparent  superficial  magnitude,  the  torm  being  invariably  appliec 
to  its  linear  magnitude.  The  apparent  superficial  magnitude  varici 
in  proportion  to  the  square  of  the  apparent  magnitude. 

Thus,  for  example,  when  the  disk  ab  is  removed  to  double  iti 
original  distance  from  the  eye,  the  apparent  magnitude,  or  the  angh 
C,  is  diminished  one-half,  and  consequently  the  diameter  a  6  of  Ui( 
picture  on  the  retina  is  also  diminished  one-half;  and  since  the  diame 
tor  is  diminished  in  the  ratio  of  2  to  1,  the  superficial  magnitude  of 
the  image,  or  its  area,  will  be  diminished  in  the  proportion  of  4  to  1 

1118.  Apparent  magnitude  increases  in  proportion  as  the  distanci 
iiminiiheSf  and  vice  versd. — It  is  dear  from  what  has  been  stated 
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ibo,  that  when  the  same  object  is  moved  from  or  towards  the  eyc^  its 
apparent  magnitude  varies  inversely  as  its  distance ;  that  is,  its  appa* 
lent  magnitude  is  increased  in  the  same  proportion  as  its  distance  is 
diminished;  and  vice  versd. 

It  is  easy  to  perceive  that  the  objects  which  are  soon  under  the 
same  visual  angle  will  have  the  same  apparent  magnitude.  Thus  let 
x'n^yjig.  366.;  be  an  object  more  distant  than  ab,  and  of  such  a 
magnitude  that  its  highest  point  a'  shall  be  in  the  continuation  of  the 
line  C  A,  and  its  lowest  point  b'  in  the  continuation  of  the  line  c  B. 
The  apparent  magnitude  of  a'  b'  will  then  be  measured  by  the  angle 
at  C.  This  angle  will  therefore  at  the  same  time  represent  the  appa- 
rent magnitude  of  the  object  A  B  and  of  the  object  a'  b'.  It  is  evi- 
dent that  an  eye  placed  at  c  will  see  every  point  of  the  object  A  B 
upon  the  corresponding  points  of  the  object  a'  b'  ;  so  that  if  the 
object  A  B  were  opaque^  and  of  a  form  similar  to  the  object  a'  b', 
every  point  of  the  one  would  be  seen  upon  a  corresponding  point  of 
the  other.  In  like  manner,  if  an  object  a"  b"  were  placed  nearer 
the  eye  than  a  b,  so  that  its  highest  point  may  lie  upon  the  line  c  A, 
and  its  lowest  point  upon  the  line  c  b,  the  object,  being  similar  in 
form  to  A  B;  would  appear  to  be  of  the  same  magnitude.  Now  it  is 
e'ndent  that  the  real  magnitudes  of  the  three  objects  a"  b",  a  b,  and 
a'  B^,  are  in  proportion  of  their  respective  distances  from  the  eye ; 
a'  S'  is  just  so  much  greater  than  A  B,  and  A  B  than  a"  b",  as  G  b'  is 
greater  than  o  b,  and  as  c  B  greater  than  c  b". 

Thus  it  appears  that  if  several  objects  be  placed  before  the  eye  in 
the  same  direction  at  different  distances,  and  that  the  real  linear  mag- 
nitudes of  these  objects  are  in  the  proportion  of  their  distances^  they 
will  have  the  fiame  apparent  magnitude. 

1119.  Case  of  the  sun  and  moon  illustrates  this.  —  A  striking  ex- 
ample of  this  principle  is  presented  by  the  case  of  the  sun  and  moon. 
These  objects  appear  in  the  heavens  equal  in  size,  the  full  moon  being 
equal  in  apparent  magnitude  to  the  sun.  Now  it  is  proved  by  astro- 
nomical observation  that  the  real  diameter  of  the  sun  is,  in  round 
numbers^  four  hundred  times  that  of  the  moon }  but  it  is  also  proved 
that  the  distance  of  the  sun  from  the  earth  is  also,  in  round  numbers, 
four  hundred  times  greater  than  that  of  the  moon.  The  distance, 
therefore,  of  these  two  objects  being  in  the  same  proportion  as  their 
Tsal  diameter,  their  visual  or  apparent  magnitudes  are  equal. 

1120.  Apparent  magnitude  corresponds  with  the  real  magnitude 
cTtke  picture  on  the  retina.  —  It  is  evident  from  what  has  been  ex- 
plained, that  objects  which  have  equal  apparent  magnitudes,  and  are 
therefore  seen  under  equal  visual  angles,  will  have  pictures  of  equal 
magnitude  on  the  retina,  a  fact  which  proves  that  the  visual  angle  is 
the  measure  of  the  apparent  magnitude. 

1121.  The  apparent  magnitude  of  an  object  diminished  by  remoo- 
iMg  it  from  the  eye.  —  If  the  same  object  be  moved  snooessively  to 
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;  distaiMes,  ita  itpparcnt  tnagnitude  will  be  dimmiEibed  m  i}m 
proportioily  exax^tl^  as  iU  distance  from  the  ej^o  ia  iDcreaeed. 
Tkufly  if  i«M|>|f.  867.,  be  Buoh  an  object^  its  dkli&oe  s  M  bdng  Op 
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pnned  by  d,  and  its  hei^t  lm  by  H.  the  yisnal  angle  lbM|  whidi 
neasnieB  ita  apparent  magnitude,  will  be  ezpresBedi  aoooiding  to  what 

wbal  baa  been  fbrmeriy  explained,  by —^.   If  theolijeQibeDowvBmoved 

■to  doable  ita  fonnerdi8tanoe,8acha8iM',  the  visual  angle  ori^ypaient 

H  H 

magnitude  l'i  m'  will  be  expressed  by— ,  which  is  jnstone-balf—,  tiie 

fonner  visual  angle ;  and,  in  like  manner,  if  the  object  be  removed  to 
three  times  its  first  distance,  such  as  £  m"^  its  visual  angle  or  apparent 

magnitude  will  be  ^ — ,  which  is  one-third  of  its  original  apparent 

magnitude. 

1122.  Apparent  superficial  magnitude.  —  The  apparent  superficial 
magnitude  of  a  body  is  determined  by  a  section  of  the  body  made  by 
a  plane  at  right  angles  to  the  lines  containing  the  visual  angle. 
Thus,  the  apparent  superficial  magnitude  of  the  sun  or  moon  is  de- 
termined by  a  section  of  those  bodies  passing  through  the  points  where 
lines  drawn  from  the  eye  touching  them  would  meet  them,  which,  in 
consequence  of  the  great  distance  of  these  bodies,  would  be  a  circular 
section  through  their  centres,  and  at  right  angles  to  a  line  drawn  from 
the  centre  to  the  eye. 

1123.  Section  of  vision.  — This  circle,  in  the  case  of  the  sun  or 
moon  or  other  celestial  object,  is  called  the  circle  of  vision  ;  and  a 
corresponding  section  of  any  other  object  drawn  at  right  angles  to  the 
aides  of  the  visual  angle  would  be  called  the  section  of  vision. 

For  all  distant  objects,  this  section  is  a  plane  at  right  angles  to  the 
direction  in  which  the  object  is  seen. 

1124.  The  smallest  magnitudes  which  can  he  distinctly  seen.  — 
If  the  circular  disk  A  Bfjig.  866.,  which  we  have  supposed  to  be  pre- 
sented before  the  eye  at  a  distance  of  fifly-seven  and  a  half  times  its 
own  diameter,  and  which  therefore  subtends  at  the  centre  of  the  eye 
a  visual  angle  of  1°,  be  removed  to  a  distance  sixty  times  greater,  or 
to  a  distance  equal  to  3,450  times  its  own  diameter,  it  wiU  subtend 
an  angle  at  o  proportionally  loss,  which  will  therefore  be,  in  this  ease, 
mx  angle  of  one  minnte;  and  if  it  be  removed  to  double  the  latter  di§- 
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tanoe,  or  6,900  Umes  its  own  diameter,  it  will  subtend  a  Tisual  an^ 
of  thirty  seconds.  Now  it  is  found  that  if  such  an  object  be  directly 
illuminated  bj  the  sun,  it  will  be  barely  yisible.  This  limit,  howeveri 
depends  as  well  on  the  colour  of  the  object  as  on  the  degree  of  its 
illumination.  Plateau  affirms  that  a  white  disk,  such  as  we  have  here 
supposed  to  be  presented  to  the  eye,  if  the  light  of  the  sun  shone  fully 
upon  it,  will  be  visible  when  seen  under  a  visual  angle  of  twelve  se  ' 
oonds,  or  the  one-fifth  part  of  a  minute.  The  disk  would  subtend  thl 
angle  at  the  eye  if  placed  at  a  distance  equal  to  17,250  times  its  di« 
ameter. 

He  says  also  that  if  the  disk,  under  the  same  circumstances,  wero 
red,  it  would  be  distinctly  seen  until  its  apparent  magnitude  were 
reduced  to  twenty-three  seconds ;  and  that  if  it  were  blue,  the  limit 
would  be  twenty-«ix  seconds ;  but  that,  if  instead  of  being  illuminated 
by  the  direct  solar  light,  it  were  illuminated  by  the  light  of  day  re- 
flected from  the  clouds,  these  limiting  angles  would  be  half  as  large 
again. 

1125.  Distinctness  of  vision  compared  toith  the  magnitude  of  the 
pictures  on  the  retina.  —  Nothing  can  be  more  calculated  to  excite 
oar  wonder  and  admiration  than  the  distinctness  of  our  perception  of 
visible  objects,  compared  with  the  magnitude  of  the  picture  on  the 
retina,  from  which  immediately  we  receive  such  perception. 

1126.  Example  of  the  picture  of  the  full  moon  on  the  retina, — ^If 
wo  look  at  the  full  moon  on  a  clear  nisht,  we  perceive  with  consider- 
able diatmctness  by  the  naked  eye  the  lineaments  of  light  and  shade 
which  chaiaoterize  its  disk. 

Now  let  US  consider  only  for  a  moment  what  are  the  dimensions  of 
the  inctnre  of  the  moon  formed  on  the  retina,  from  which  alone  we 
deriTe  this  distinct  perception. 

The  disk  of  the  moon  subtends  a  visual  angle  of  half  a  degreOi 
and  oonsequently,  according  to  what  has  been  explained,  the  diameter 
of  its  picture  on  the  retina  will  be  T^^th  part  of  an  inch,  and  the 
entire  superficial  magnitude  of  the  image  from  which  we  derive  this 
distinct  perception  is  less  than  the  jiloi^th  part  of  a  square  inch; 
yet  within  this  minute  space,  we  are  able  to  distinguish  a  multiplicity 
of  still  more  minute  details.  We  perceive,  for  example,  forms  of 
light  and  shade,  whose  linear  dimensions  do  not  exceed  one-tenth  part 
of  the  apparent  diameter  of  the  moon,  and  which  therefore  occupy 
upon  the  retina  a  space  whose  diameter  does  not  exceed  the  iv^avrrth 
part  of  a  square  in/!h.  ^ 

1127.  Example  of  the  human  figure.  —  To  take  another  example, ' 
the  figure  of  a  man  70  inches  high,  seen  at  a  distance  of  40  feet, 
nroduces  an  image  upon  the  retina  the  height  of  which  is  about  one- 
fourteenth  part  of  an  inch.  The  face  of  such  an  image  is  included 
in  m  circle  whose  diameter  is  about  one-twelfth  of  the  height,  and 
therefore  occupies  on  the  retina  a  circle  whose  diameter  is  about  the 
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ff«lli|Mrtof  anindi;  nerertiieleaiy  within  this  eirde,  iheejei|BaM^ 
MM  IiMaments  are  distiiiellT  aeen.  The  diameter  of  die  tj^  is  iboil 
oae  twelfth  of  thai  of  the  noe,  and  thereforei  though  diatmetly  aeea. 
doea  not  oeeapj  upon  the  retina  a  space  ezeeeding  the  vTvWvith  of 
aaqnareineh. 

If  tilie  retina  be  the  canvas  on  wUdi  this  exquisite  nuniatore  if 
defineatedy  how  infinitely  delicate  most  be  its  stmotore,  to  receiTe  and 
tnnsmit  details  so  minute  with  sndi  marvellous  preeisioD;  and  H 
•eoording  to  the  qnnion  of  somcy  the  perception  of  these  details  be 
obtained  bj  the  retina /eeltii^  the  imago  formed  upon  the  choroidy 
how  eiquisitelT  sensitiTe  must  be  its  touch  I 

1128.  8^.  SumoisHOT  or  nxiTMiNATioir. 

It  is  not  enough  for  distinct  vision  that  a  well-defined  {ncture  of 
the  object  shall  m  formed  on  the  retina.  This  niotue  must  be  sofi- 
ciently  iOuminated  to  affect  tiie  senses,  and  at  the  same  time  not  be 
io  intensely^  illuminated  as  to  overpower  the  organ. 

Thus  it  is  possible  to  conceive  a  picture  on  ttie  retina  so  extremdv 
fidnt  as  to  be  insufficient  to  produce  sensation,  or,  on  the  other  hant^ 
so  intensely  brilliant  as  to  dazzle  the  eye,  to  destroy  the  distinctoesi 
of  sense,  and  to  produce  pain. 

When  we  direct  the  eye  to  the  sun,  near  the  meridian,  in  an 
unclouded  sky,  we  have  no  distinct  perception  of  his  disk,  becaoae 
the  splendour  is  so  great  as  to  overpower  the  sense  of  vision,  just  as 
sounds  are  sometimes  so  intense  as  to  be  deafening. 

That  it  is  the  intense  splendour  alone  which  prevents  a  distinct 
perception  of  the  solar  disk  in  this  case  is  rendered  manifest  by  the 
net  that  if  a  portion  of  the  solar  rays  be  intercepted  by  a  coloured 
gUss,  or  by  a  thin  cloud,  a  distinct  image  of  the  sun  will  be  seen. 

When  we  direct  the  eye  to  the  firmament  on  a  clear  night,  there 
are  innumerable  stars  which  transmit  light  to  the  eye,  and  which 
therefore  must  produce  some  image  on  the  retina,  but  of  which  we 
are  altogether  insensible,  owing  to  the  faintness  of  the  illumination. 
That  the  light,  however,  does  enter  the  eye  and  arrive  at  the  retina 
is  proved  by  the  f&ct  that  if  a  telescope  be  directed  to  the  stars  in 
question,  so  as  to  collect  a  greater  quantity  of  their  light  upon  the 
retina,  they  will  become  visible. 

1129.  The  eye  hcu  power  of  accommodation  io  different  degrees 
of  illumination. — The  eye  possesses  a  certain  limited  power  of  accom- 
modating itself  to  various  degrees  of  illumination.  Circumstances 
which  are  familiar  to  every  one  render  the  exercise  of  this  power 
evident. 

If  ft  person,  after  remaining  a  certain  time  in  a  dark  room,  pass 
suddenly  into  another  room  strongly  illuminated,  the  eye  suffers 
instantiy  a  degree  of  inconvenience,  and  even  pain,  which  causes  the 
svelids  to  close ;  and  it  is  not  until  after  the  lapse  of  a  certain  time 
ttst  they  can  be  opened  without  inconvenience. 
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The  cause  of  this  is  easily  explained.  While  the  observer  remains 
in  the  darkened  or  less  illuminated  room,  the  pupil  is  dilated  so  as 
to  admit  into  the  eye  as  great  a  quantity  of  light  as  the  structure  of 
the  organ  allows  of.  When  he  passes  suddenly  into  the  strongly  illu- 
minated room,  the  flood  of  light  arriving  through  the  widely  dilated 
pupil  acts  with  such  violence  on  the  retina  as  to  produce  pain,  which 
necessarily  calls  for  the  relief  and  protection  of  the  organ.  The  iris, 
then,  by  an  action  peculiar  to  it,  contracts  the  dimensions  of  the  pupil 
so  as  to  admit  proportionally  less  light,  and  the  eye  is  opened  with 
impunity. 

Effects  the  reverse  of  these  are  observed  when  a  person  passes  from 
a  strongly  illnminated  room  into  one  comparatively  dark,  or  into  the 
open  air  at  night  For  a  certain  time  he  sees  nothing,  because  the 
contraction  of  the  pupil,  which  was  adapted  to  the  strong  light  to 
which  it  had  previously  been  exposed,  admits  so  little  light  to  the 
retina  that  no  sensation  is  produced.  The  pupil,  however,  after  awhile 
dilates,  antl^  admitting  more  light^  objects  are  perceived  which  were 
before  invisible.'*' 

1130.  Relative  hrilUancy  of  eqfddislant  luminariet.  —  Brightness 
of  the  picture  on  the  retina.  —  If  two  points  from  which  light  radiates 
be  placed  at  the  same  distance  from  the  eye,  the  brightness  of  their 
image  on  the  retina  will  be  in  proportion  to  their  absolute  brilliancy. 
But  if  either  point  be  removed  to  a  greater  distance,  the  number  of 
rays  passing  from  it  which  enter  the  pupil  will  be  diminished  in  the 
same  proportion  as  the  square  of  its  dutance  is  increased,  and  vice 
versd.  It  consequently  follows  that  the  brightness  of  each  point  of 
the  image  to  an  object  formed  upon  the  retina  will  be  in  direct  pro- 
portion to  the  absolute  brilliancy  of  such  point,  and  in  the  inverse 
proportion  of  the  square  of  its  distance  from  the  eye. 

Thus,  if  I  express  the  intensity  of  the  light  of  the  point  upon  the 
object|  and  D  its  distance  from  the  eye,  then  the  brightness  of  the 

image  of  such  point  upon  the  retina  will  be  expressed  by  -f 

It  is  therefore  clear  that  the  brightness  of  the  image  of  each  point 
of  an  object  will  be  diminished  as  the  square  of  the  distance  of  the 
object  from  the  eye  is  increased. 

1131.  Apparent  brightness  the  same  at  aU  distances.  —  It  is  some- 
tinies  inferred  from  this,  though  erroneously,  that  the  apparent  splen- 

*  •*Tha8,  when  the  lamp  that  lighted 
The  traveller  at  firat,  goes  out, 
He  feels  awhile  benighted. 
And  wanders  on  in  fear  and  doubt; 
But  soon  the  prospect  clearing. 
In  cloadlcM  starlight  on  he  treads, 
And  finds  no  lamp  so  cheering 
As  thst  light  which  Heaven  sheds." — ^Mooaa. 
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door  of  the  imMga  of  a  vkilik  object  decreases  as  the  square  of  ih% 
Afltanee  inereaaei^  This  would  be  ibe  case  id  the  strictest  A^nae,  il^ 
while  the  oljeet  "were  withdrawn  from  the  eye  t^  on  incre^if^  db- 
tenoei  its  image  on  tho  retin:i  continued  to  have  the  »ame  m^Tnitude; 
fbr,  in  this  caae,  the  abaolate  brigfaCQeaB  of  each  poiiit  oompoamg  anek 
image  would  diminiah  aa  the  aqnare  of  the  diatance  increaaea,  and 
the  area  of  the  retina  over  wMch  ai&eh  pcmitB  are  diffbaed  would  n* 
main  the  aame;  bat  it  mnat  be  oonaideredy  that  aa  the  olject  rstirei 
from  the  eye  tiie  anperficial  magnitode  of  the  imaoa  oo  Uie  retina  is 
diminiahed  inthe  aame  proportion  aa  the  aqnare  of  uediatanee  of  the 
dljeot  firom  the  eye  ia  moreaaed.  It  therefore  fbllowa  that  while  the 
poula  componnff  the  image  on  the  retina  are  diminiahed  in  the  in-  - 
lenntj  of  tnrir  ulnmination,  they  are  eolleeted  into  a  amaller  apaee^ 
to  thai  what  each  point  of  the  image  on  the  retina  loaea  in  aplendkynri 
Ae  entire  image  gaina  by  oonoentration. 

1182.  1/  1m  distance  of  the  sun  were  increased  or  diigmiehed^  its 
apparent  majgnitude  woM  he  changed,  hut  ii$  apparent  hrigkhum 
would  remain  the  same,  —  If  the  sun  were  brought  aa  close  to  the 
earth  as  the  moon,  its  apparent  diameter  would  be  400  times  greater, 
and  the  area  of  its  apparent  disk  160,000  times  greater  than  at 
present,  but  the  apparent  brightness  of  its  surface  would  not  be  in 
any  degree  increased.  In  the  same  manner,  if  the  sun  were  removed 
to  ten  times  its  present  distance,  it  would  appear  under  a  visual  angle 
ten  times  less  than  at  present,  as  in  fact  it  would  to  an  observer  on 
the  planet  Saturn,  and  its  visible  area  would  be  a  hundred  times  less 
than  it  is,  but  the  splendour  of  its  diminished  area  would  be  exactly 
the  same  as  the  present  splendour  of  the  sun'e  disk. 

These  consequences,  which  are  of  considerable  physical  importance, 
obviously  follow  from  the  principles  explained  above. 

The  sun  seen  from  the  planet  Saturn  has  an  apparent  diameter  ten 
times  less  than  it  has  when  seen  from  the  earth. 

The  appearance  from  Saturn  will  then  be  the  same  as  would  be 
the  appearance  of  a  portion  of  the  disk  of  the  sun  seen  from  the 
earth  through  a  circular  aperture  in  an  opaque  plate,  which  would  ex- 
hibit a  portion  of  the  disk  whose  diameter  is  one-tenth  of  the  whole. 

1133.  An  object  may  he  visible  even  though  it  have  no  sensible 
visual  magmtude,  —  The  fixed  stars  examples  of  this,  —  When  the 
light  which  radiates  from  a  luminous  object  has  a  certain  intensity,  it 
will  continue  to  affect  the  retina  in  a  sensible  manner,  even  when  the 
object  is  removed  to  such  a  distance  that  the  visual  angle  shall  cease 
to  have  any  perceivable  magnitude.  The  fixed  stars  present  innume- 
rable examples  of  this  effect.  None  of  these  objects,  even  the  most 
brilliant  of  them,  subtend  any  sensible  angle  to  the  eye.  When  viewed 
through  the  most  perfect  telescopes  they  appear  merely  as  brilliant 
pointa.  In  this  case,  therefore,  the  eye  is  affected  by  the  light  alone. 
And  not  by  the  magnitude  of  the  object  seen. 
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L84.  By  incretue  of  distance,  however,  tuck  objects  may  eeate 
feet  the  retina  tensibfy.  —  Nevertheless,  the  distance  of  snch  an 
it  may  be  increased  to  such  an  extent  that  the  light,  intense  as  it 
iU  oeaae  to  produce  a  sensible  effect  upon  the  retina, 
will  be  explained  in  the  second  volume  of  this  series,  that  seven 
es  of  the  fixed  stars,  diminishing  gradually  in  brightness,'*'  pro- 
an  effect  on  the  retina  such  as  to  render  them  visible  to  a 
id  eye.  This  diminution  of  splendour  is  produced  by  their  iu- 
led  diatanoe.  The  telescope,  however,  as  bus  been  already  stated, 
gpi  into  view  innumerable  other  stars,  whose  intrinsic  splendour  i» 
reat  as  the  brightest  among  those  which  wo  see,  but  which  do  not 
unit  to  the  retina,  without  the  aid  of  the  telescope,  enough  of 
i  to  produce  any  sensible  effect.  Nevertheless  it  is  demonstrable 
,  even  without  the  telescope,  they  do  transmit  a  certain  definite 
ititv  of  light  to  the  retina ;  the  quantity  of  light  which  they  thus 
imity  and  which  is  insufficient  to  produce  a  sensible  effect,  having 
le  quantity  obtained  by  the  telescope  a  ratio  depending  upon  the 
ortion  of  the  magnitude  of  the  object-glass  of  the  telescope  to  the 
oitode  of  the  pupil. 

L85.  T%e  intensity  of  illumination  necessary  to  produce  sensa- 
also  depends  on  the  relative  mlendour  of  other  objects  present 
re  the  eye.  —  The  quantity  and  intensity  of  the  light  transmitted 
n  external  object  to  the  retina,  which  is  sufficient  to  produce  a 
option  of  such  object^  depends  also  upon  the  light  received  at  the 
I  time  bv  the  retina  from  other  objects  present  before  the  eye. 
proof  of  this  is,  that  the  same  objects  which  are  visible  at  one 
I  are  not  visible  at  another,  though  equally  before  the  eye,  and 
smitting  equal  quantities  of  light  of  the  same  intensity  to  the  re- 
Thus,  the  stars  are  present  in  the  heavens  by  day  as  well  as 
dghty  and  transmit  the  same  quantity  of  lisht  to  the  retina,  yet 
'  are  not  visible  in  the  presence  of  the  sun,  because  the  light  pro- 
ing  from  that  luminary,  directly  and  indirectlv  reflected  and  re- 
tea  by  the  air  and  innumerable  other  objects,  is  so  much  greater 
[uantity  and  intensity  as  to  overpower  the  inferior  and  much  less 
use  light  of  the  stars.  This  case  is  altogether  analogous  to  that 
be  ear,  which,  when  under  the  impression  of  loud  and  intense 
ids,  is  incapable  of  perceiving  sounds  of  less  intensity,  which  ne- 
heless  affect  the  organ  in  the  same  manner  as  they  do  when,  in 
absence  of  louder  sounds,  they  are  distinctly  heard, 
iven  when  an  object  is  perceived,  the  intensity  of  the  perception 
dative,  and  determined  by  other  perceptions  produced  at  the  same 
).  Thus,  the  moon  seen  at  night  is  incomparably  more  splendid 
I  the  same  moon  seen  by  day  or  in  the  twilight^  although  in  each 

The  term  magnitude  is  used  in  astronomy,  as  applied  to  the  fixed  stare, 
[press  their  apparent  brightness ;  no  fixed  star,  however  splendid,  sub- 
•  anj  sensible  angle. 
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mm  tht  moon  inns  mi  la  prcciaclj  tbe  same  qTinntity  of  Ugbt,  of  |n«- 
mtdj  tlio  same  in  tensity,  to  tbe  eye  }  but  id  the  out  case  the  «y«  n 
ovorpowared  by  tbe  superior  splcTidour  of  the  liglii  of  daj,  whicb  dimi 
the  oomptrativelj  less  intense  Itgbt  proceeding  from  the  moon. 
1136.  4**.  The  image  must  continue  a  sufficie?ct  time  rros 

THB  RSnNA  TO  ENABLE  TQAT    MEMBflANE  TO  PBODUCE  A  PERCC^ 

noN  or  IT. 

It  will  be  proved  hereafter  that  the  relodtj  widi  which  light  is 
froptnted  through  space  is  at  the  rate  of  about  200,000  milea  per 
•aooDO.  ItB  transmisaioiii  therefore,  from  all  objects  at  ordinary  dis- 
tances to  the  eye  may  be  considered  as  instantaneooa.  The  moment^ 
therefore,  any  object  is  placed  before  the  eye  an  image  of  it  is  formed 
OD  the  retina,  and  this  image  continnes  there  until  the  object  is  rs- 
moved.  Now  it  is  easy  to  show  ezperimentally  that  an  object  may 
be  phoed  belbre  the  eye  for  a  certain  definite  interral  of  time,  and 
that  a  jMotore  may  be  painted  upon  the  retina  during  thait  interval 
,  without  producing  any  peroeption  or  any  oonsciousneBS  of  the  presence 
of  the  object. 

To  illustrate  this,  let  a  circular  disk  A  B  c  D,  Jig.  368,  about  20 

inches  in  diameter,  be  formed 
in  card  or  tin,  and  let  a  circle 
a'  b'  (/  d'  be  described  upon  it^ 
about  2  inches  less  in  radius 
than  the  disk,  so  as  to  Icaye  be- 
tween the  circle  and  the  disk  a 
zone  about  two  inches  wide. 
Let  the  entire  zone  be  black- 
^  ened,  except  the  space  A  M  m'  a', 
forming  about  the  one-twentieth 
of  it.  Let  the  disk  thus  pre- 
pared be  attached  to  the  back 
of  a  blackened  screen,  so  as  to 
be  capable  of  revolving  behind 
it,  and  let  a  hole  one  inch  in 
diameter  be  made  in  the  screen 
at  any  point,  behind  which  the 
zone  A  b  c  D  is  placed.  If  the 
disk  be  now  made  to  revolve  behind  the  screen,  the  hole  will  appear 
as  a  circular  white  spot  so  long  as  the  white  space  A  M  passes  behind 
it,  and  will  disappear,  leaving  the  same  black  colour  as  the  screen 
during  the  remainder  of  the  revolution  of  the  disk.  The  hole  will 
therefore  be  seen  as  a  white  circular  spot  upon  the  black  screen  during 
one-twentieth  of  each  revolution  of  the  disk.     If  the  disk  be  now 

£t  in  motion  at  a  slow  rate,  the  white  hole  will  be  seen  on  the  screen 
ring  one-twentieth  of  each  revolution.     If  the  velocity  of  rotation 
imparted  to  tbe  disk  be  gradually  increased^  the  white  spot  will  ulti- 
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mately  d%$apptar^  and  the  screen  appear  of  a  nniform  block  eolonri 
although  it  be  certain  that  during  the  twentieth  part  of  each  revolu- 
tiouy  whatever  be  'iie  rate  of  rotation^  a  picture  of  the  white  spot  ia 
formed  on  the  retina. 

1137.  To  determine  experimentally  the  time  a  picture  must  coth 
tinue  on  the  retina  to  produce  sensation.  —  The  length  oi  time  neces- 
sary in  this  case  for  the  action  of  light  upon  the  retina  to.  produce 
sensation  may  be  determined  by  ascertaining  the  most  rapid  motion 
of  the  disk  which  is  capable  of  producing  a  distinct  perception  of  the 
white  spot.  This  interval  will  be  found  to  vary  with  the  degree  of 
illumination.  If  the  spot  be  strongly  illuminated,  a  less  interval  will 
be  sufficient  to  produce  a  perception  of  it;  if  it  be  more  feebly  illu- 
minated,  a  longer  interval  will  be  required.  The  experiment  may  be 
made  by  varying  the  colour  of  the  space  A  M  of  the  zone,  and  it  will 
be  found  that  the  interval  necessary  to  produce  sensation  will  vary 
with  the  colour  as  well  as  with  the  degree  of  illumination. 

1138.  The  perception  of  a  visible  object  is  continued  for  a  cer- 
tain time  after  the  object  is  removed  from  before  tlie  eye.  —  Nume- 
rous observations  on  the  most  familiar  effects  of  vision,  and  various 
experiments  expressly  contrived  for  the  purpose,  show  that  the  retina, 
when  once  impressed  with  the  picture  of  an  object  placed  before  the 
eye,  retains  thb  impression,  sometimes  with  its  full  intensity  and 
sometimes  more  faintly,  just  as  the  ear  retains  for  a  time  the  sensa- 
tion of  a  sound  after  the  cause  which  has  put  the  tympanum  in  vibra- 
tion has  ceased  to  act.  The  duration  of  this  impression  on  the  retina, 
after  the  removal  of  the  visible  object  which  produced  it,  varies  ac- 
cording to  the  degree  of  illumination  and  the  colour  of  the  object. 
The  more  intense  the  illumination,  and  the  brighter  the  colour,  the 
longer  will  be  the  interval  during  which  the  retina  will  retain  their 


1139.  Experimental  illustration  of  this.  —  To  illustrate  this  ex- 
perimentally, let  a  circular  disk  formed  of  blackened  card  or  tin,  of 
i2  or  14  inches  in  dbmeter,  be  pierced  with  8  holes  round  its  cir- 
cumference, at  equal  distances,  each  hole 
being  about  half  an  inch  in  diameter,  as 
represented  in  fig.  369. 

Let  this  disk  be  attached  upon  a  pivot 

or  pin  at  its  centre  o  to  a  board  A  B  c  D, 

which  is  blackened  everywhere,  except  upon 

•-^         /^^   I        a  circular  spot  at  v,  corresponding  in  inag- 

\s^  r\^<^y         nitude  to  the  holes  made  in  the  circular 

\.  W  ^  plate. 

Let  this  spot  be  first  supposed  to  be 
white.     Let  the  circular  disk  be  made  to 
revolve  upon  the  point  o,  so  as  to  bring  the 
droalar  holes  successively  before  the  white  spot  at  v.     The  letina 
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will  thus  be  impreaaed  at  intervals  with  the  image  of  this  dimilar 
white  spot  In  the  intervals  between  the  transits  of  the  holes  over 
it|  the  entire  board  will  appear  black,  and  the  retina  will  receive  no 
impression.  If  the  disk  be  made  to  revolve  with  a  veiy  slow  motioni 
the  eye  will  see  the  white  spot  at  intervals,  bnt  if  the  velocitj  of  ro- 
tation be  nidoally  inoreasedy  it  will  be  fonnd  that  the  eve  will  per- 
eeive  the  wnite  spot  permanently  represented  at  y,  as  if  the  disk  had 
been  placed  with  one  of  its  holes  opposite  to  it  without  moving.  It 
is  evident,  therefore,  that  in  this  case  the  impression  prodnoed  npon 
the  retina,  when  any  hole  is  opposite  the  white  spot^  remains  until 
the  socceeding  hole  comes  opposite  to  it,  and  thus  a  continued  per- 
ception of  the  white  spot  is  ^rodi^^ 

If  the  white  spot  be  illuminated  in  various  degrees,  or  if  it  be  dif- 
ferently coloured,  the  velocity  of  the  disk  necessary  to  produce  a  con- 
tinuous peroeption  of  it  will  difier.  The  brighter  the  colour  and  the 
strong  the  illumination,  the  less  will  be  the  velocity  of  rotation  of 
the  disk  which  is  necessary  to  produce  a  continuous  peroeption  of  the 
spot 

These  effects  show  that  the  stronger  the  illumination  and  the  brighter 
the  colour,  the  longer  is  the  interval  during  which  the  impression  is 
retained  by  the  retina. 

1140.  Why  we  are  not  sensible  of  darkness  when  tee  wink. — 
This  continuance  of  the  impression  of  external  objects  on  the  retina, 
after  the  light  from  the  objects  ceases  to  act,  is  also  manifested  by  the 
faot,  that  the  continual  winking  of  the  eyes  for  the  purpose  of  lubri- 
cating the  eje-ball  by  the  eye-Hd  does  not  intercept  our  vision.  If 
we  look  at  any  external  objects,  they  never  cease  for  a  moment  to  be 
visible  to  us,  notwithstanding  the  frequent  intermissions  which  take 
place  in  the  action  of  light  upon  the  retina,  in  consequence  of  its  being 
thus  intercepted  by  the  eye-lid. 

1141.  Experimental  illustration  suggested  by  Sir  D.  Brewster, 
—  According  to  Sir  David  Brewster,  the  most  instructive  experiment 
on  this  subject,  which,  however,  requires  a  great  deal  of  practice  to 
be  made  with  success,  is  to  look  for  a  short  time  at  a  window  at  the 
end  of  a  long  room,  and  then  suddenly  to  turn  the  eye  to  a  dark  wall. 
In  general,  a  common  observer  will  in  this  case  see  a  representation 
of  the  window  on  the  wall,  in  which,  however,  the  dark  bars  of  the 
sash  will  appear  white  and  the  panes  of  glass  dark. 

A  practised  observer,  however,  who  makes  the  observation  with 
great  promptooss,  will  see  at  the  moment  his  eyes  are  turned  to  the- 
wall  a  correct  representation  of  the  window.  This  representation  will 
almost  immediutcly  be  succeeded  by  the  reversed  picture  just  men- 
tioned, in  which  the  burs  arc  bright  and  the  panes  dark. 

1142.  Why  a  lighted  stick  revolving  produces  apparently  a  lumi' 
nous  ring.  —  If  a  lighted  stick  be  turned  round  in  a  circle  in  a  dark 
toom^  the  appearance  to  the  eye  will  be  a  continuous  circle  of  light; 
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for  in  thu  case  the  impression  produced  upon  the  retina  by  the  light, 
when  the  stick  is  at  any  point  of  the  circle,  is  retained  until  the  stick 
retnniB  to  that  point. 

1143.  Flash  of  lightning,  —  In  the  same  manner,  a  flash  of  light- 
ning appears  to  the  eye  as  a  continuous  line  of  light,  because  the 
light  emitted  at  any  point  of  the  line  remains  upon  the  retina  until 
the  cause  of  the  light  passes  over  the  succeeding  points. 

In  the  same  manner,  any  objects  moving  before  the  eye  with  such 
a  velocity  that  the  retina  flhall  retain  the  impression  produced  at  one 
point  in  the  line  of  its  motion  until  it  passes  through  the  other  points, 
will  appear  as  a  continuous  line  of  light  or  colour. 

1144.  Why  an  object  moving  with  a  great  speed  becomes  invisible, 
—  But  to  produce  this  effect,  it  is  not  enough  that  the  body  change 
its  position  so  rapidly  that  the  impression  produced  at  one  point  of 
its  path  continue  until  its  arrival  at  another  point ;  it  is  necessary, 
also,  that  its  motion  should  not  be  so  rapid  as  to  make  it  pass  from 
any  of  the  positions  which  it  successively  assumes  before  it  has  time 
to  impress  the  eye  with  a  perception  of  it;  for  it  must  bo  remem- 
bered, as  has  been  already  explained,  that  the  perception  of  a  visible 
object  presented  to  the  eye,  though  rapid,  is  not  instantaneous. 

The  object  must  remain  present  before  the  organ  of  vision  a  cer- 
tain definite  time,  and  its  position  must  continue  upon  the  retina 
during  such  time,  before  any  perception  of  it  is  obtained.  Now,  if 
the  body  move  from  its  position  before  the  lapse  of  this  time,  it  neces- 
sarily follows  that  no  perception  of  its  presence,  therefore,  will  be 
obtained.  If,  then,  we  suppose  a  body  moving  so  rapidly  before  the 
eye  that  it  remains  in  no  position  long  enough  to  produce  a  perception 
d  it,  such  object  will  not  be  seen. 

1146.  Ezamph  of  a  cannon-ball.  —  Hence  it  is  that  the  ball  dis- 
charged from  a  cannon  passing  transversely  to  tbe  line  of  vision  is 
not  seen;  but  if  the  eye  be  placed  in  the  direction  in  which  the  ball 
moves,  so  that  the  angular  motion  of  the  ball  round  the  eye  as  a  centre 
will  be  slow  notwithstanding  its  great  velocity,  it  will  be  visible,  be- 
cause however  rapid  its  real  motion  through  space,  its  angular  motion 
with  respect  to  the  eye  (and  consequently  of  the  imago  of  its  picture 
on  the  retina)  will  be  sufficiently  slow  to  give  the  necessary  time  foi 
the  production  of  a  perception  of  it. 

1 146.  Quickness  of  vision  depends  on  colour ^  brightness,  and  mag* 
nitude, — The  time  thus  necessary  to  obtain  the  perception  of  a  visible 
object  varies  with  the  degree  of  illumination,  the  colour,  and  the  ap- 
parent magnitude  of  the  object  The  more  intense  the  illuminatioii, 
the  more  vivid  the  colour,  and  the  greater  the  apparent  magnitude, 
the  less  will  be  the  time  necessary  to  produce  a  perception  of  the 
object. 

1147.  Conditions  which  determine  apparent  motion. — In  applying 
this  principle  to  the  phenomena  of  vision,  it  must  be  carefully  remem* 
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lered  thki  the  q^(^stion  ia  affected,  not  by  tlie  real  but  by  the  appa- 
rent uotioD  of  the  iibjtvt,  that  id  t<>  suy,  not  by  the  velocity  with 
whi^-h  the  objoirt  rvally  moves  through  8p:'C0,  but  by  the  angle  which 
the  line  dnwn  from  the  eye  to  the  oDJect  describes  per  second.  Now 
this  an^le  is  affected  by  two  conditions,  which  it  is  important  to  attend 
to:  1'.  the  direction  of  the  motion  of  the  object  compared  with  the 
liiio  ot  vision :  and  2^.  by  the  velocity  of  the  motion  compared  with 
the  dUtanoe  of  the  object.  If  the  object  were  to  move  exi&ctly  in  the 
dinvtion  ^if  the  line  of  vision,  it  would  appear  to  the  eye  to  be  aihso- 
luufly  su^ii^^aary,  siuce  the  line  drawn  to  it  would  have  no  angular 
m^^ion  :  and  if  it  were  to  move  in  a  direction  forming  an  oblique 
an^le  to  the  line  of  A-ision,  its  apparent  motion  might  be  indefinitcl)' 
ak»w,  however  givat  it6  real  velocity  might  be. 

For  example,  let  it  be  supposed  that  the  eye  being  at  E,^^^.  370, 
an  object  o  moves  in  the  diivction  o  o',  so  as  to  move  from  o  to  o'  in 


one  soo<'«nd.  Taking  E  as  a  centre,  and  E  o  as  a  radius,  let  a  circular 
aiv  o  i»"  be  de?criU\i.  The  apparent  motion  of  the  olyect  will  then 
be  the  same  as  if.  instead  of  moving  from  o  to  o'  in  one  second,  it 
moved  from  o  to  o"  in  ouo  se^vnd. 

The  more  nearly,  therefore,  at  right  angles  to  the  line  of  vision  the 
direction  of  the  motion  is,  the  greater  will  be  the  apparent  motion 
produced  by  any  real  motion  of  an  object. 

1148.  How  apparent  motion  is  ajectcd  by  distance.  —  A  motion 

which  ia  visible  at  one  distance  may  be  invisible  at  another,  inasmuch 

M  the  angular  velocity  will  be  increasiHl  as  the  distance  is  diminished. 

Thna  tI  an  object  at  a  distance  of  57}  feet  from  the  eye  move  at 

a  nta  of  a  foot  per  second,  it  will  appear  to  move  at  the  rate  of 

I  per  second,  inasmuch  as  a  line  one  foot  long  at  57  jf  feet 

ibtends  an  angle  of  one  degree.    Now  if  the  eye  l>c  reumved 

an  object  to  a  distance  of  115  feet,  the  appiiront  motion 

bo  half  A  degreei  or  thirty  minutes  per  second ;  and  if  it  be 

pved  to  thirty  times  that  distance,  the  apparent  motion  will  be 

-lower.     Or  if,  on  the  other  hand,  the  eye  be  brought 

iecif  the  apparent  motion  will  be  accolcratod  iu  exactly 

tion  as  the  distance  of  the  eye  is  diminished. 

)k  of  a  cannon-hall  and  the  moon.  —  A  cannon-ball 

miles  an  hour  transversely  to  tbc  line  of  vision,  and 

60  yards  from  the  eye,  will  be  invisible,  since  it  will 

flboieat  time  in  any  one  position  to  produce  perception. 
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The  mocfn,  however,  mo^n^  with  more  than  doable  the  velocity  of 
tlie  cannon-bally  being  at  a  distance  of  240,000  miles,  has  an  apparent 
motion,  80  alow  as  to  bo  imperceptible. 

1150.  Wkai  motions  are  imperceptible,  —  The  angular  motion  of 
the  line  of  vision  may  be  so  diminished  as  to  become  imperceptible ; 
and  the  body  thus  moved  will  in  this  case  appear  stationary.  It  is 
foand  by  experience  that  nnless  a  body  moves  in  such  a  manner  that 
the  line  of  vision  shall  describe  at  least  one  degree  in  each  minute  of 
time,  its  motion  will  not  be  perceptible. 

1151.  Why  the  ditumal  motion  of  the  heavens  is  not  immediately 
perceptible.  —  Thus  it  is  that  we  are  not  conscious  of  the  diurnal 
motion  of  the  firmament  If  we  look  at  the  moon  and  stars  on  a 
clear  night,  they  appear  to  the  eye  to  be  quiescent ;  but  if  we  observe 
them  after  the  lapse  of  some  hours,  we  find  that  their  positions  are 
changed,  those  which  were  near  the  horizon  being  nearer  the  meri- 
dian, and  those  which  were  m  the  meridian  having  descended  towards 
the  horizon.  Since  we  are  conscious  that  this  change  did  not  take 
place  suddenly,  we  infer  that  the  entire  firmament  must  have  been  in 
continual  motion  round  us,  but  that  this  motion  is  so  slow  as  to  be 
imperceptible. 

Since  the  heavens  appear  to  make  a  complete  revolution  in  twenty- 
four  hours,  each  object  on  the  firmament  must  move  at  the  rate  of 
15®  an  hour,  or  at  the  rate  of  one  quarter  of  a  degree  a  minute.  But 
iince  no  motion  is  perceptible  to  the  eye  which  has  a  less  apparent 
velocity  than  1^  per  minute,  this  motion  of  the  firmament  is  unpor- 
ceived.  If,  however,  the  earth  revolved  on  ito  axis  in  six  hours  in- 
stead of  twenty-four  hours,  then  the  sun,  moon,  stars,  and  other  ce- 
lestial objects,  would  have  a  motion  at  the  rate  of  60^  an  hour,  or  1® 
per  minute.  The  sun  would  appear  to  move  over  a  space  equal  to 
twice  its  own  diameter  each  minute,  and  this  motion  would  be  dis- 
tinetlj  perceived. 

The  fiust  that  the  motion  of  the  hands  of  a  clock  is  not  perceived  is 
explained  in  the  same  manner. 

1152.  fVhy  objects  in  extremely  rapid  motion  are  not  perceivable. 
^^Bnt  if  the  object  which  thus  moves  be  not  sufficiently  illuminated, 
or  be  not  of  a  sufficiently  bright  colour  to  impress  the  retina  sensibly, 
it  will  then,  instead  of  appearing  as  a  continuous  line  of  colour,  cease 
to  be  visible  altogether ;  for  it  does  not  remain  in  any  one  position 
Img  enough  to  produce  a  sensible  effect  upon  the  retina.  It  is  for 
this  reason  that  a  ball  projected  from  a  cannon  or  a  musket,  though 
passing  before  the  eye,  cannot  be  seen.  If  two  railway  trains  pass 
each  other  with  a  certain  velocity,  a  person  looking  out  of  the  window 
of  one  of  them  will  be  unable  to  see  the  other.  If  the  velocity  be 
very  moderate,  and  the  li^ht  of  the  day  sufficiently  strong,  the  ap- 
pearance of  the  passing  train  will  be  that  of  a  flash  of  colour  formed 
bj  the  mixture  of  the  prevailing  coloon  of  the  vehicles  composing  it. 
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An  expedient  hu  ilroulj  l>eeii  deecnbed  to  ihow  experimental^ 
that  the  miztore  of  tho  seven  prismatio  oolourif  in  their  proper  pny 
pordonSi  prodooe  white  light,  dependlog  on  ihU  pnociplc,  TIm 
eoloan  are  laid  upon  a  clrcnlftr  disk  surroundlDg  its  edge^  which  thej 
divide  into  paiti  proportiood.  to  the  spaces  tliej  occupy  in  the  epo(y 
tram.  When  tho  di^^k  Ls  made  to  rcvotreT  each  colour  produces,  lika 
the  lighted  stiok,  the  impres^on  of  a  oontiououa  ring,  and 
qnently  the  eye  ia  sensiblta  of  seven  rings  of  the  several  colours  super- 
poeed  (me  npon  the  other,  which  thus  prodooe  the  efieet  of  their  com* 
ninationi  and  appear  as  white  or  a  whitish  grey  eokmry  as  already 
explained. 

1153.  The  duration  of  the  in^ression  on  the  retina  varies  with 
the  Mghtneu  of  the  object.  —  The  duration  of  the  impression  npon 
the  retina^  after  the  object  producing  it  is  removed,  varies  according 
to  the  vividness  of  the  light  prooeedmg  from  the  objeot^  being  longer 
aooordmg  as  the  li^t  is  more  intense.  It  was  foond  that  Uie  light 
nrooeedinff  from  a  piece  of  ooal  in  combustion  moved  in  a  circle  at  a 
distance  (?  165  feet,  produced  the  impression  of  a  continuous  circle 
of  light  when  it  revolved  at  the  rate  of  seven  times  per  second.  The 
inference  from  this  would  be  that  in  that  particular  case  the  impres- 
sion upon  the  retina  was  coutiDucd  during  the  seventh  part  of  a  se- 
cond niter  the  removal  of  the  object. 

It  is  from  the  cause  here  indicated  that  forked  lightning  presents 
the  appearance  of  a  continuous  line  of  light. 

1154.  And  also  with  its  colour.  — The  duration  of  the  impression 
on  the  retina  varies  also  with  the  colour  of  the  light,  that  produced 
by  a  white  object  being  most  visible,  and  yellow  and  red  being  most 
in  degree  of  durability ;  the  least  durable  being  those  tints  which  be- 
long to  the  most  refrangible  lights. 

1155.  And  with  the  brightness  of  the  surrounding  space.  —  The 
duration  of  the  impression  also  depends  on  the  state  of  illumination 
of  the  surrounding  space ;  thus  the  impression  produced  by  a  luminous 
object  when  in  a  dark  room  is  more  durable  than  that  which  would 
be  produced  by  the  same  object  seen  in  an  illuminated  room.  This 
may  be  ascribed  to  the  greater  sensitiveness  of  the  retina  when  in  a 
state  of  repose  than  when  its  entire  surface  is  excited  by  surrounding 
lights.  Thus  it  is  found  that  while  the  varying  duration  of  the  im- 
pression of  the  illuminated  object  in  a  dark  room  was  one-third  of  a 
second,  its  duration  in  a  lighted  room  was  only  one-sixth  of  a  second. 

1156.  Optical  toys  —  thaumatropes,  phantascopes,  Sfc.  —  Innu- 
merable optical  toys  and  pyrotechnic  apparatus  owe  their  effect  to  this 
continuance  of  the  impression  upon  the  retina  when  the  object  has 
changed  its  position. 

Amusing  toys,  called  thaumatropes,  phenakisticopes,  phantsscopes, 
&c.,  are  explained  upon  this  principle.  A  moving  object^  which  a»> 
^omes  a  succession  of  different  positions  in  performing  anv  action^  is 
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Fig.  371. 


represented  in  the  Bueces- 
sive  divisions  of  the  circum- 
ference of  a  circle,  as  inju; 
371.,  in  the  successive  po- 
sitions it  assumes.  Theso 
pictures,  by  causing  the 
disk  to  revolve,  are  brought 
in  rapid  succession  before 
an  aperture,  through  which 
the  eye  is  directed,  so  that 
the  pictures  representing 
the  successive  attitudes  are 
brought  one  after  another 
before  the  eye  at  intervals; 
the  impression  of  one  re- 
maining until  the  impres- 
sion of  the  next  is  produced. 
In  this  manner  the  eye 
never  ceases  to  see  the  figure,  but  sees  it  in  such  a  succession  of  at- 
titudes as  it  would  assume  if  it  revolved.  The  effect  is,  that  the  figure 
actoallj  appears  to  pirouette  before  the  eye.  The  effects  of  cathe- 
line-wheels  and  rockets  are  explained  in  the  same  manner. 

1157.  The  direction  in  which  objects  are  seen. — The  direction  in 
which  any  part  of  an  object  is  seen  is  that  of  the  line  drawn  from 
Boch  point  through  the  optical  centre  of  the  eye.  This  line  being 
euTied  back  to  the  retina  determines  the  place  on  the  retina  where 
the  image  of  such  point  is  found.  If  the  optical  centre  of  the  eye 
were  not  at  the  centre  of  the  eye-ball,  the  dirction  of  this  line  would 
be  changed  with  every  movement  of  the  eye-ball  in  its  socket;  every 
nich  movement  would  cause  the  optical  centre  to  revolve  round  the 
centre  of  the  eye-ball,  and  consequently  would  cause  the  line  drawn 
firom  the  optical  centre  to  the  object  to  change  its  direction.  The 
efiect  of  this  would  be  that  every  movement  of  the  eye-ball  would 
cause  an  apparent  movement  of  all  visible  objects.  Now,  since  there 
ia  no  apparent  motion  of  this  kind,  and  since  the  apparent  position  of 
external  objects  remains  the  same,  however  the  eye  may  be  moved  in 
its  socket,  it  follows  that  its  optical  centre  must  be  at  the  centre  of 
the  eye-ball. 

1158.  Why  the  motion  of  the  eye-ball  does  not  produce  any  appa' 
tent  motion  in  the  object  seen. — Since  lines  drawn  from  the  various 
points  of  a  visible  object  through  the  centre  of  the  eye  remain  un- 
changed, however  the  eye-ball  may  move  in  its  socket,  and  since  the 
corresponding  points  of  the  image  placed  upon  these  lines  must  also 
remain  unchanged,  it  follows  that  the  position  of  the  ^magc  formed  on 
the  eye  remains  fixed,  even  though  the  eye-ball  revolve  in  the  socket 
It  appears,  therefore,  that  when  the  eye-ball  is  moved  in  the  socket, 
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tht  piofaiie  <€  an  external  object  lemahui  fixed,  wlifle  the 
moree  under  it  just  ae  the  piotiiie  dirown  by  a  magpc  lantern  « 
a  ioreen  wqpld  remain  fixed,  koirefer  the  aoreen  itadf  mi|^t  be 
aM>ted. 
Thna,  if  we  direct  the  axis  of  the  eje  to  the  oentre  o,  j^.  872^  of 

any  objeeti  aneh  as  a  b,  the 

1^^^*— -->.        image  of  the  point  o  will  he 
4  J  \^  Ibrmedatoonuieretinay  where 

^ *  ''         ^"^^     ^^  optical  axis  d  o  meeta  it 


t 


The  axis  of  the  pendl  of  zaja 

which  proceed  from  the  point  o 

will  paas  thnrarii  the  centre  of 

Fig.872.  the  cornea  Dy  £roiigh  the  axis 

of  the  crystalline,  and  throogh  the  centre  o  of  the  eye-ball,  and  the 

imaoe  of  o  will  be  formed  at  o. 

ifow^  if  we  aappoee  the  eye  to  be  tamed  a  little  to  the  left,  so  that 
the  optMsal  axis  will  bo  inclined  to  the  line  o  o  at  the  an^  d'  o  o,  the 
image  of  the  point  o  will  still  hold  the  same  absolnte  position  o  as 
before ;  bat  the  point  of  the  retina  on  which  it  was  previously  formed 
will  be  removed  to  o'.  The  direction  of  the  point  o  will  be  the  same 
as  before ;  but  the  point  of  the  retina  on  which  its  image  will  be 
formed  will  be,  not  at  o,  at  the  extremity  of  the  optic  axis,  but  at  o\ 
at  a  distance  o  o'  from  it,  which  subtends  at  the  centre  o  of  the  eye 
an  angle  equal  to  that  through  which  the  optical  axis  has  been 
turned. 

It  is  evident,  therefore,  that  although  the  eye  in  this  case  be  moved 
round  its  centre,  the  point  o  is  still  seen  in  the  same  direction  as  be- 
fore. 

But  if  the  optical  centre  of  the  eye  were  different  from  the  oentre 
of  the  eye-ball,  the  direction  in  which  the  point  o  would  be  seen  would 
be  changed  by  a  change  of  position  of  the  eye. 

To  render  this  more  clear,  let  Q^Jig.  373.,  be  the  centre  of  the  eye- 
ball, and  o'  the  optical  centre 
X  /"       ^\&      ®^  ^®  ®y®*     ^*  *^®  optical 

n  ^^^^"^'in      *^^®  c  D,  as  before,  be  first  pre- 
sented to  the  point  o  of  the  ob- 
ject    The  image  of  this  point 
will,  as  before,  be  formed  at «, 
^^*    *^  the  point  where  the  optical  axis 

D  0  meets  the  retina.  Let  us  now  suppose  the  axis  of  the  eye  to  be 
turned  aside  through  the  angle  D  o  D',  the  optical  centre  will  then  be 
removed  from  d  to  d'^  and  the  image  of  o  will  now  be  formed  at  the 
point  o",  where  the  line  o  c"  meets  the  retina.  The  direction,  there- 
fore, in  which  o  will  now  be  seen,  will  be  that  of  the  line  c"  o,  whereas 
the  direction  in  which  it  was  before  seen  was  that  of  the  line  CO. 
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The  point  of  the  retina  at  which  the  image  o  was  originallj  formed 
18  removed  to  o',  while  the  image  is  removed  to  o".  Thus  there  is  a 
dispkcement  not  only  of  the  retina  behind  the^  image,  but  also  an  ab- 
solute displacement  of  the  image,  and  an  absolute  change  in  the  appa- 
rent direction  of  the  object  Since  no  such  change  in  the  apparent 
direction  is  consequent  upon  the  movement  of  the  eye  in  its  socket, 
it  follows  that  the  optical  centre  d  of  the  eye  must  coincide  with  its 
geometrical  centre  o. 

1159.  Ocular  spectra  and  accidental  colours,  —  The  continuance 
of  the  effect  produced  by  the  image  of  a  visible  object  on  the  retina 
after  such  object  has  been  removed  from  before  the  eye,  combined 
with  the  effect  of  the  image  of  another  object  placed  before  the  eye, 
during  soch  continuance  of  the  effect  of  that  which  was  removed, 
produces  a  class  of  phenomena  called  ocular  spectra  and  accidental 
colours. 

The  efiect  produced  by  a  strongly  illuminated  image  formed  on  the 
retina  docs  not  appear  to  be  merely  the  continuance  of  the  same  per- 
ception after  the  image  is  removed,  but  also  a  certain  diminution  or 
deadening  of  the  sensibility  of  the  membrane  to  other  impressions. 
If  the  organ  were  merely  affected  by  the  continuance  of  the  percep- 
tion of  the  object  for  a  certain  time  after  its  removal,  the  effect  of  the 
immediate  perception  of  another  object  on  the  retina  would  be  the 
perception  of  the  mixture  of  two  colours.  Thus,  if  the  eye,  after 
eoDtemplating  a  bright  yellow  object,  were  suddenly  directed  to  a 
similar  object  of  a  light  red  colour,  the  effect  ought  to  be  the  percep- 
tion of  an  orange  colour;  and  this  perception  would  continue  until 
the  effect  of  the  yellow  object  on  the  retina  would  cease,  after  which 
the  red  object  alone  would  be  perceived. 

Thus,  for  example,  a  disk  of  white  paper  being  placed  upon  a  black 
cround,  and  over  it  a  red  wafer  which  will  exactly  cover  it  being  laid, 
if,  dosing  one  eye,  and  gassing  intentiy  with  the  other  for  a  few 
seconds  on  the  red  wafer,  the  red  wafer  be  suddenly  removed  so  as 
to  expose  the  white  surface  under  it  to  the  eye,  the  effect  ought  to  be 
the  combinatipn  of  the  perception  of  red  which  continues  after  the 
removal  of  the  red  wafer,  with  the  perception  of  white  which  the  un- 
oovered  surface  produces ;  and  we  should  consequently  expect  to  see  a 
dilated  red  disk,  similar  to  that  which  would  be  produced  by  the  mix- 
ture of  red  with  white. 

This,  however,  is  not  the  case.  If  the  experimc^  t  be  performed  ;  8 
here  described,  the  eye  will,  on  the  removal  of  the  red  wafer,  per-, 
oeive,  not  a  reddish,  but  a  greenish-blue  disk. 

In  like  manner,  if  the  wafer,  instead  of  being  red,  were  of  a  bright 
greenish-blue,  when  removed  the  impression  on  the  eye  would  be  that 
of  a  reddish  disk. 

These  and  like  phenomena  are  explained  as  follows : — 
When  the  eye  is  directed  with  an  intensity  of  gaze  for  some  time 
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at  the  rod  surface,  that  part  of  the  retina  upon  which  the  image  of 
ill-.-  r-.-i  waf.r  i^  ir  l-u:  i  lnonmos  fati;.m«.vl  wiih  the  action  of  the  red 
li.'lit.  aiii  1  •-■?•  I  ■  -. Tijo  extent  its  ftcn^ililitj  to  that  light,  o:tac!lja3 
the  tar  is  'l«a**  u-  lira  iii.'imiit  hy  an  uverpoworing  souml.  Wlieu 
thi"  rod  walVr  i>  rt'iii-'W-.i.  iho  wiiiie  disk  U^neath  it  traui^mits  to  the 
evf  iLo  white  liL'ht.  whi^li  is  eouip  isod  of  all  the  colours  of  the  sprt- 
tnmi.  Kut  the  eyo.  fr'->ni  the  previous  action  of  the  red  light,  is 
C"nijari!i\\ly  iIiS^.Il^il•l^.■  t*»  th-»se  lints  which  firm  the  red  enti  of  the 
sp^rtnini.  sii.h  a*  n  d  and  MHingo.  but  comparatively  sensitive  to  the 
blues  and  ^'n-  ii-s.  which  CKvupy  the  other  end.  It  is  therefore  that 
the  eye  j-. :vvivr«  the  white  di-jk  as  if  it  were  a  greenish-lluo,  and 
continues  to  j^-recivc  it  until  the  retina  recovers  its  gcnsibility  iV-r  red 
light. 

11»*»!\  KTp^rimniis  of  Sir  D.  Breirsier  on  ocular  spectra. — The 
cx]vrinivnt  ab  ive  ih  Mnlx-d  may  be  varied  by  usin;^  waters  of  variuus 
cltturs;  and  it  will  in  ea^h  ca^-c  be  found  that  on  the  removal  of  the 
wafiT  the  aividental  ch'Ur  ct  ovular  speotnun  prixluccd  will  he  that 
wi.irli  i-  •S[\>u  in  tl:--  -^.-.-Miid  «■  .Ir.nm  *^i'  tlu-  f-'llowliig  table,  sui.p'.icd 
I  v  :':.■.'  ...l-.-.  r\:i::  i^.-  'f  Sir  lUvil  liiwv.-ivr: — 


,.1  C.  :■  ur.  r,r  Ol-.-ur  cT  the  Ocular 


V 


I;-  i-  .. 

Ii.-i:::  . 

v:. ;.  •. 

IT:;.   V. 

Wh.tc. 


r.'u:'ili-}:ri'cu. 

i::-if. 

1:.  i>'. 
Vi-.:rt.  rrhWAi. 

iMj.ck. 


It  fd].»w?.  thenf'iv.  fr  :i!i  tlie  r.--iil:s  i;i  flu-  above  table,  that  the 
primitive  and  a'.-ei<kiital  e-il-'iirs  are  >  t-.-^;!.-!  V)  eaeh  uthor,  that  if 
the  f TnuT  be  n.diUHd  t*.  tlie  .s^nu'  il,".T..e  «f  in'i.u.'-ity  as  the  latier, 
"me  will  be  the  e'.»nrj'Ii  iiJL'r/:.ry  (•■.l.iiir  vt'  ii:o  i  tlur,  or,  which  is  the 

me,  they  will  be  >o  r^!;.ted  :lj::t  if  n:iiiirl'.'d  tigtther  they  will  pro- 

ee  white  lijLiht. 

The  experiment  may  be  varied  in  the  f.-IInwin^  nianner: — 

If  a  small  particle  of  red  lire  be  burmd  in  a  liark  r«Mni,  so  as  to 

durainat^    "  surrounding  objects  wiih  an  intvu.-e  r.jd  lii:ht,  and 

jt  bo  «  Dguished,  the  eye  T\iII   f.r  a  time  see  a  green 

flamr  in  flame  will  be  \isible  whether  the  eye  be  o^ku 
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If,  on  the  other  hand,  a  green  fire  he  hurned,  it  will  he  snccceded 
by  the  perception  of  a  reddish  light. 

If  the  eye  he  directed  intently  npon  the  disk  of  the  sun  at  rising 
or  setting,  when  it  is  red;  on  closing  the  eyelids  a  green  solar  dL^ 
will  be  perceived. 

1161.  Why  visible  objects  do  not  appear  inverted.  —  A  difficulty 
has  been  presented  in  the  explanation  of  the  functions  of  the  eye  to 
which,  as  it  appears  to  me,  undue  weight  has  been  given.  It  has 
been  already  explained,  that  the  images  of  external  objects  which  are 
depicted  on  the  retina  are  inverted ;  and  it  has  accordingly  been  a:iked 
why  visible  objects  do  not  appear  upside  down.  The  answer  to  this 
appears  to  be  extremely  simple.  Inversion  is  a  relative  term,  which 
it  is  impossible  to  exphun  or  even  to  conceive  without  reference  to 
something  which  is  not  inverted.  If  we  say  that  any  object  b  inverted, 
the  phrase  ceases  to  have  meaning  unless  some  other  object  or  objects 
are  implied  which  are  erect.  If  all  objects  whatever  bold  the  same 
relative  position,  none  can  be  properly  said  to  be  inverted ;  as  the 
world  turns  upon  its  axis  once  in  twenty-four  hours,  it  is  certain  that 
the  positions  which  all  objects  hold  at  any  moment  is  inverted  with 
respect  to  that  which  they  held  twelve  hours  before,  and  to  that  which 
they  will  hold  twelve  hours  later ;  but  the  objects  as  they  are  con- 
templated are  always  erect.  In  fine,  since  all  the  images  produced 
upon  the  retina  hold  with  relation  to  each  other  the  same  position, 
none  are  inverted  with  respect  to  others ;  and  as  such  images  alone 
can  be  the  objects  of  vision,  no  one  object  of  vision  can  be  inverted 
with  respect  to  any  other  object  of  vision;  and  consequently,  all 
heinff  seen  in  the  same  position,  that  position  is  called  the  erect 
position. 

1162.  The  seat  of  vision. — Physiologists  are  not  agreed  as  to  the 
manner  in  which  the  perception  of  a  visible  object  is  obtained  from 
the  image  formed  in  the  interior  of  the  eye.  It  is  certain,  however, 
that  this  image  is  the  cause  of  vision,  or  that  the  means  whereby  it  is 
prodaoed  are  also  instrumental  in  producing  the  perception  of  sight. 
it  may  also  bo  considered  as  established  that  the  perception  of  a 
Tiaible  object  is  more  or  less  distinct,  according  to  the  greater  or  less 
distinctness  of  the  image.  But  it  would  be  a  great  error  to  assume 
that  this  imace  on  the  retina  is  itself  seen,  for  that  would  involve  the 
supposition  of  a  second  eye,  beyond  the  first,  or  within  it,  by  which 
such  image  on  the  retina  would  be  viewed.  Now,  no  means  of  com- 
municating between  the  image  on  the  retina  and  the  sensorium  exist 
except  the  usual  conduits  of  all  sensation,  the  nerves. 

It  has  been  already  explained  that  the  optic  nerve,  after  entering 
the  eye  at  a  point  near  the  nose,  spreads  itself  over  the  interior  of  the 
globe  of  the  eye  behind  the  vitreous  humour,  and  that  this  retina  or 
network  is  perfectly  transparent,  the  coloured  image  being  formed  not 
properly  upon  it.  but  upon  the  block  surface  of  the  choroid  coat 
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behind  it  Now,  it  has  been  mainteined,  that  the  fimctioiifl  of  Tinoii 
are  peiformed  by  this  neryoua  membrane  in  a  manner  analogous  to 
that  Dj  which  the  sense  of  touch  is  afiected  by  external  objects.  Tha 
membrane  of  the  retina,  it  is  sapposed,  touching  the  coloured  image, 
and  being  in  the  highest  d^rce  sensitive  to  it,  just  as  the  hand  is 
sensitive  to  an  object  which  it  touches,  receives  from  the  coloured 
image  an  action  which,  being  continued  to  the  brun,  produces  pe> 
ccption  there  in  accordance  with  the  form  and  colour  of  the  image 
upon  the  choroid.  According  to  this  view  of  the  functions  of  vision, 
tiie  retina /e€/f,  as  it  were,  the  image  on  the  choroid,  and  transmits 
to  the  sensorium  the  impression  of  its  colour  and  figure  in  the  same 
manner  as  the  hand  of  a  blind  person  would  transmit  to  the  senso- 
rium the  form  of  an  object  which  it  touches. 

1168.  lAght  and  eoUmr  acting  directltf  on  the  retina  product 
mo  feiuatum.—  If  this  hypothesis  be  admitted,  it  would  follow  that 
tiie  retina  itself  would  be  incapable  of  exciting  the  sense  of  sight  by 
the  mere  action  of  light  and  colours  upon  it.  This  is  verified  by  tbe 
fiict  that  when  the  image  produced  within  the  eye  is  formed  upon  a 
point  of  the  optic  nerve  which  has  not  the  choroid  behiod  it,  no 
perception  is  produced. 

In  order  to  prove  this,  let  three  wafers  be  applied  in  a  honzontal 
line  upon  a  vertical  screen,  each  separated  from  the  other  by  a  dis- 
tance of  two  feet.  Let  the  screen  be  placed  before  the  observer  at  a 
distance  of  about  15  feet,  tbe  wafers  being  on  a  level  with  the  eye ; 
and  let  tbe  centre  wafer  be  so  placed  that  a  line  drawn  from  the  right 
eye  to  it  shall  be  perpendicular  to  tbe  screen.  Let  tbe  left  eye  be 
now  clascd,  and  let  the  right  eye  be  directed  to  the  extreme  wafer  on 
the  left,  but  so  that  all  three  wafers  may  still  be  perceived.  Let  an- 
other person  now  slowly  move  the  screen,  so  as  to  bring  it  nearer  to 
the  obsencr,  mdntaining,  however,  tbe  middle  wafer  in  tbe  direction 
of  the  eye  at  c.  It  will  be  found  that  tbe  screen  beinff  so  moved  to  a 
distance  of  10  feet  from  tbe  eye,  the  middle  wafer  wSl  appear  to  be 
suddenly  extinguished,  and  the  extreme  wafers  on  the  right  and  left 
will  be  seen. 

1164.  The  optic  nerve  is  insensible  where  it  does  not  cover  the 
choroid,  —  This  remarkable  phenomenon  is  explained  by  showing 
that  in  this  particular  position  of  the  eye  and  the  screen,  the  image  of 
the  middle  wafer  falls  upon  tbe  base  of  tbe  optic  nerve  where  the 
clioroid  coat  is  not  under  it. 

This  will  be  rendered  more  intelligible  by  reference  to  Jig.  374., 
where  B  is  tbe  middle  wafer,  A  tbe  left-hand,  and  c  the  right-hand 
wafer.  The  image  of  A  is  formed  at  a,  to  the  right  of  tbe  optic 
nerve ;  and  tbe  image  of  o  is  formed  at  c,  to  the  left  of  that  nerve. 
In  both  these  positions  tbe  choroid  coat  is  behind  the  retina.  But 
the  image  of  b  is  formed  at  b,  directly  upon  the  point  where  the  optic 
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neire  issues  from  the  eye-ball,  and  where  the  choroid  docs  not  extend 
behind  it. 

A      B        g 1165.  Experiment  of  Sir  D, 

Brewster  to  confirm  this.  —  Sir 
David  Brewster  gives  the  fol* 
lowing  experiment  as  a  further 
argument  in  support  of  this  hy- 
pothesis. In  the  eye  of  the 
Sepia  loligo,  or  cuttle-fish,  an 
opaque  membranous  pigment  is 
interposed  between  the  retina 
and  the  vitreous  humour,  so 
that  if  the  retina  were  essential 
to  vision,  the  impression  of  the 
image  on  this  black  membrane 
must  be  conveyed  to  it  by  the 
vibration  of  this  membrane  in 
front  of  it.  Sir  David  Brewster 
also  mentions  that  in  young 
•<  *  persons  the  choroid  coat,  instead 

Fig«  374.  of  being  covered  with  a  black 

pigment^  reflects  a  brilliant  crimson,  like  that  of  dogs  and  some  other 
animals  J  and  imagines  that  if  the  retina  were  affected  by  the  rays 
which  pass  through  it,  this  crimson  light  ought  to  excite  a  corre- 
sponding sensation,  which  is  not  the  case. 

1166.  Why  objects  are  not  seen  double.  —  The  question  why,  hav- 
ing two  eyes  on  which  independent  impressions  are  made  by  external 
objeots,  and  on  the  retina  of  each  of  which  an  independent  picture  of 
a  Tiaible  object  is  formed,  we  do  not  see  two  distinct  objects  correspond- 
ing to  each  individual  external  object  which  iuiprcsses  the  organ,  is 
omn  asked. 

The  first  reflection  which  arises  on  the  proposition  of  this  question, 
it  why  the  samo  question  has  not  been  similarly  proposed  with  refer- 
ence to  the  sense  of  hearing.  Why  has  it  not  been  asked  why  wo  do 
not  hear  doable  t  why  each  individual  sound  produced  by  a  bell  or  a 
string  is  not  heard  as  two  distinct  sounds,  since  it  must  impress  inde- 
pendently and  separately  the  two  organs  of  hearing? 

It  cannot  be  denied,  that^  whatever  reason  there  be  for  demanding 
m  solution  of  the  question,  why  we  do  not  see  double  ?  is  equally 
applicable  to  the  solution  of  the  analogous  question,  why  we  do  not 
bear  double  f  Like  many  dbputed  questions,  this  will  be  stripped 
of  macb  of  its  difficulty  and  obscurity  by  a  strict  attention  to  the 
meaning  of  the  terms  used  in  the  question,  and  in  the  disdussion  conse- 
qnent  upon  it  If  by  seeing  double  it  be  meant  that  the  two  eyes  re- 
ceive separate  and  independent  impressions  from  each  external  object, 
then  it  is  true  that  we  see  double.     But  if  it  be  meant  that  the  mind 
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neeifeB  two  dittmol  and  independent  imprMrioni  of  die  i 
nil  object  then  a  qnalified  answer  only  can  be  given. 

If  the  two  eyes  oonTey  to  the  mind  preoiselj  the  nme  imprMBoa 
of  the  same  external  object,  differing  in  no  respeet  whatever,  thea 
they  will  prodooe  in  the  mind  precisely  the  same  peroeption  of  the 
object;  and  as  it  is  impossible  to  imagine  two  perceptions  to  exist  ia 
the  mind  of  the  same  external  object  which  are  precisely  the  same  in 
all  renects,  it  would  involve  a  contradiction  in  terms  to  sappoee  th^ 
in  s»m  case,  we  perceive  the  object  doable. 

If  to  peroeive  the  object  double  mean  anything,  it  means  that  tlM 
mind  has  two  perceptions  of  the  same  object,  mstinet  and  different 
from  each  other  in  some  respect  Now,  if  this  distinctness  or  dif- 
ftrence  exist  in  the  mind,  a  corresponding  distinctness  and  diflferenee 
must  exist  in  the  impression  produced  m  thd  external  ofcgect  on  the 
oigans.  It  will  presently  ^ypear,  that  cases  do  occur  in  which  the 
omns  are,  in  &ot^  differently  impressed  by  the  same  external  object; 
and  it  will  also  a[^)ear,  that  in  such  cases  precisely  m  do  tee  doMe^ 
meaning  by  these  terms,  that  we  have  two  perceptions  of  the  same 
object^  as  distinct  from  each  other  as  are  our  perceptions  of  two  dif- 
ferent objects. 

To  render  this  point  more  clear,  let  us  consider  in  what  respects  it 
is  possible  for  the  impressions  made  upon  the  two  eyes  by  the  same 
object  to  differ  from  each  other. 

A  visible  object  impresses  the  eye  with  a  sense  of  a  certain  appa- 
rent form,  of  a  certain  apparent  magnitude,  of  certain  colours,  of  a 
certain  intensity  of  illumination,  and  of  a  certain  visible  direction. 
Now,  if  the  impression  produced  by  the  same  object  upon  the  two 
eyes  agree  in  all  these  respects,  it  is  impossible  to  imagine  that  the 
mind  can  receive  two  distinct  perceptions  of  the  object,  for  it  is  not 
possible  that  the  two  perceptions  could  differ  from  each  other  in  any 
respect,  except  in  some  of  ibose  just  mentioned.  Let  us  suppose  the 
two  eyes  to  look  at  the  moon,  and  that  such  object  impresses  them 
with  an  ima^e  of  precisely  the  same  apparent  /orm  and  magnitude, 
of  precisely  the  same  colours  and  lineaments,  of  precisely  the  same 
intensity  of  illumination,  and,  in  fine,  in  precisely  the  same  direction. 
Now,  the  impressions  conveyed  to  the  mind  by  each  of  the  eyes  cor- 
responding in  all  these  respects,  the  object  must  be  perceived  in  virtue 
of  both  impressions  precisely  in  the  same  manner,  that  is  to  say,  it 
must  be  seen  in  precisely  the  same  direction,  of  precisely  the  same 
magnitude,  of  precisely  the  same  form,  with  precisely  the  same  linea- 
ments of  light  and  shade,  and  with  precisely  the  same  brightness  or 
intensity  of  illumination.  It  is  therefore,  in  such  a  case,  clearly  im- 
possible to  have  a  double  perception  of  the  object. 

It  will  be  observed,  that  the  same  reasoning  exactly  will  be  appli- 
cable to  the  sense  of  hearing.  If  the  same  string  or  the  same  pipe 
affect  the  membrane  of  c^^i^h  car-drum  in  precisely  the  same  manner. 
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10  M  to  produce  a  perception  of  a  sound  of  the  same  pitcb^  the  same 
londneas,  and  the  same  aoalitj^  it  is  impossible  to  coDccive  that  two 
difEsrent  perceptions  can  be  produced  bj  the  two  ears^  for  there  is  no 
respect  in  which  it  is  possible  for  two  such  perceptions  to  differ,  inas- 
much as  by  the  very  supposition  they  agree  in  all  the  qualities  which 
belong  to  sound. 

But^  if  we  would  conceive  by  any  organic  derangement  that  the 
same  musical  string  would  produce  in  one  ear  the  note  u/,  and  pro- 
duce in  the  other  ear  the  note  sol,  then  the  same  effect  would  be  pro- 
duced as  if  these  two  sounds  had  been  simultaneously  heard  by  the  two 
ears  properly  organized^  and  we  should  have  a  sense  of  harmony  of 
the  Jiftk. 

In  like  manner,  if  the  two  eyes,  by  any  defect  of  organization,  pro- 
duced different  pictures  on  the  rotina,  we  should  then  have  two  per- 
ceptions of  the  same  object  having  a  corresponding  difference 

It  has  been  already  shown^  that  the  apparent  visual  magnitude  of 
an  object,  and  also  that  its  apparent  brilliancy^  depend  on  its  distance 
from  the  eye. 

Now,  assuming,  as  we  shall  do,  unless  the  contrary  be  expressed, 
that  the  two  eyes  are  similarly  constituted,  it  will  follow,  that  an  object 
whose  distance  from  the  two  eyes  is  equal  will  be  seen  under  the  same 
visual  angle,  and  will  therefore  have  the  same  apparent  magnitude ; 
it  will  also  have  the  same  colour  and  intensity  of  illumination,  and, 
in  fine,  if  the  distance  between  the  eyes  bear  an  insignificant  propor- 
tion to  the  distance  of  the  object  from  thetn,  the  lines  drawn  from  the 
eentre  of  the  eyes  to  any  point  on  the  object  will  be  practically  paral- 
lel; and  since  these  lines,  as  has  been  already  explained,  determine 
the  direction  in  which  the  object  is  seen,  such  object  will  then  bo  seen 
in  the  same  direction.  Now,  since  the  apparent  form,  the  apparent 
magnitude,  the  apparent  colour,  the  apparent  intensity  of  illumina- 
tion, and,  in  fine,  the  apparent  direction  are  the  same  for  both  eyes, 
it  is  dear  that  the  same  impression  must  be  produced  upon  the  senses, 
and  the  same  perceptions  conveyed  to  the  mind ;  consequently  it  fol- 
lows, demonstratively,  that  all  objects  which  are  placed  at  a  distance 
eompared  with  which  the  distance  between  the  eyes  is  insignificant, 
will  convey  a  dngle  perception  to  the  mind,  and  will  consaquently  not 
be  seen  double. 

1167.  Exeepiional  cases  in  which  ohjects  are  seen  double,  —  But 
we  have  now  to  consider  a  different  case,  which  will  present  peculiar 
conditions,  and  consequences  of  peculiar  interest 

Let  us  suppose  an  object  placed  so  near  the  eyes  that  its  distance 
sihall  not  bear  a  considerable  proportion  to  the  length  of  the  line  which 
separates  the  centres  of  the  eyes.  In  this  case,  the  images  produced 
on  the  retina  of  the  two  eyes  may  differ  in  magnitude,  and  intensity 
of  illnmination,  and  even  in  form,  and,  in  fine,  it  is  clear  that  the 
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mtnnt  dinodim  of  any  point  on  tlia  objool  •■  nen  Ij^tte  two  9jm 
wiube  iemiUy  differeDt 

In  this  CMOi  itkuekm,  tba  two  eroB  oodtoj  to  tlio  nund  a  diffBvait 
impraiion  of  the  nme  objeet;  and  we  may  thenlbce  ei^eet  that  we 
■honldaee  it  double,  and  in  fSwt  we  do  ao. 

Bat  the  obeeryation  of  this  partioiilar  phenomoion  leqoireB  nraish 
aftfeention,  inaamnch  aa  the  peroeptkm  of  whioh  we  an  eonaoioaa  '-m 
alfeotod  not  merely  by  the  impteanon  made  upon  the  ocgan  of  aenac^  J 
hot  by  the  denee  of  attention  whioh  the  mind  g^vea  to  it    ThoBy  ii 
the  two  eyea  be  diffisrently  impieaaed  either  by  the  aame  or  by  differ- 


ent objeeta  placed  befofe  them,  the  mind  may  ffft  ita  attention  ao 
esolaaivdy  to  either  impreaaion,  aa  to  lose  aU  oonaoioaaneaa  d  the 
other. 

ThoBy  if  two  atan  be  at  the  aame  time  in  the  field  of  ^ew  of  a 
tdeaoope,  aa  frequently  happens,  and  be  viewed  together  by  the  ^e, 
we  ahail  be  oonscioos  m  a  perception  of  bo(h,  ao  long  aa  the  attention 
ia  not  exdaavely  directed  to  either;  bat  if  we  gaie  intently  on  one 
of  them  so  as  to  observe  its  colour,  or  any  other  pecaliarify  attending 
it,  we  sball  cease  to  be  coDScious  of  the  presenoe  of  the  other.  The 
application  of  this  obBcrration  to  the  question  before  ns  will  bo  prc- 
seotly  apparent. 

Let  RLy  Jig.  375.,  be  the  line  separating  the  centres  of  the  two 
eyes,  R  representing  the  centre  of  the  right,  and  l  that  of 
the  left  eve. 

Let  o  be  an  object,  such  as  the  flame  of  a  candle  or  lamp, 
seen  at  the  distance  of  aboat  40  feet,  so  that  the  lines  of 
direction  L  o  and  B  o  converging  upon  it  from  the  centres 
of  the  eyes  may  be  regarded  as  practically  parallel,  the  dis- 
tance being  about  200  times  greater  than  the  distance  L  R 
from  the  eyes.  The  object  o  will  therefore  bo  seen  in  the 
same  direction  by  both  eyes,  and  being  at  a  distance  from 
the  two  eyes  practically  equal,  will  have  the  same  apparent 
magnitude,  form,  colour,  and  intensity  of  illumination,  and, 
consequently,  will  be  seen  single. 

Let  a  small  white  rod  be  held  at  the  distance  A,  of  about 

8  inches  from  the  left  eye  L,  and  in  the  line  L  o,  so  as  to 

intercept  the  view  of  the  object  o  from  the  left  eye.     The 

-^    left  eye  will  then  see  the  rod  at  A,  and  not  the  object  o ; 

Fig.  375.  ^"'  ^^^  "8^^  ^y^  ^^^^  ®^^^  ®^  *^®  object  o,  as  before.    Now, 

if  the  attention  be  earnestly  direct^  to  the  object  o,  the 

object  A  will  not  be  perceived ;  but  if  the  attention  be  directed  to  the 

object  A,  it  will  be  perceived  distinctly,  but  the  object  O  will  be  seen 

through  it  as  if  it  were  transparent. 

^  Now,  since  the  object  o  cannot  be  seen  by  the  left  eye  under  the 
oircumstances  here  supposed,  the  perception  we  have  of  it  must  be 
derived  from  the  right  eye ;  nevertheless  it  is  seen  in  the  line  LAO, 
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immediately  beyond  the  interoeptiDg  wand,  and  in  the  same  directioni 
and  in  the  same  manner  precisely  as  it  would  be  seen  by  the  left  eye 
L  if  the  interoeptinff  wand  were  removed.  It  follows^  therefore,  that 
the  perception  we  obtain  of  the  object  o  by  the  ri^ht  eye  is  precisely 
the  same  as  that  which  we  should  obtain  by  the  left  eye  if  the  right 
were  dosed,  and  the  intercepting  wand  A  removed.  This  may  there- 
fore be  taken  as  an  experimental  proof  of  what,  indeed,  may  seem 
sufficiently  evident,  d  priori,  that  an  object,  such  as  o,  placed  at  a  dis- 
tance so  great  that  lines  drawn  to  it  from  the  centre  of  the  eyes  would 
be  practically  parallel,  produces  precisely  the  same  perception  through 
the  Tision  of  both  eyes. 

But  when  the  distance  of  an  object  from  the  eyes  is  so  small  that 
the  line  which  separates  the  eyes  bears  a  considerable  proportion  to 
it,  the  directions  in  which  such  an  object  is  seen  by  the  two  eyes  are 
different^  and  it  is  easy  to  show  that  in  this  case  such  an  object  would 
be  seen  double. 

Let  L  and  B^Jig»  876.,  as  before,  be  the  centres  of  the  two  eyes,  and 

A       ji      let  A  B  be  a  white  screen  placed  ver- 

'  ilii^*^|e»«'  '*      tically  at  a  distance  of  12  or  14  feet, 

having  upon  it  a  horizontal  line  on 

a  level  with  the  eye,  upon  which  is 

marked  a  divided  scale,  1,  2,  3,  4, 

6,  6,  7,  8,  9, 10.     Let  a  black  wand 

bo  held  vertically  at  o,  opposite  the 

middle  of  the  line  L  R.     This  wand 

will  be  seen  by  the  left  eye  in  the 

direction  of  the  division  8,  and  by 

the  right  eye  in  the  direction  of  the 

division  4,  on  the  screen,  and  two 

images  of  the  wand  will  accordingly 

be  perceived;  but,  according  as  the 

attention  is  directed  to  the  one  or 

to  the  other,  a  consciousness  of  them 

^   *  will  be  produced.     Thus,  bv  an  act 

Fig.  S76.  of  the  will  we  may  contemplate  only 

the  objects  as  seen  with  the  left  eye, 

in  which  case  the  wand  will  be  seen  projected  on  the  screen  perpen- 

dicalar  to  the  line  a  b,  at  the  8th  division ;  and  by  a  like  act  of  the 

will,  the  attention  beinff  directed  to  the  impression  produced  by  the 

right  eye,  the  wand  will  be  seen  projected  on  the  screen  at  the  4th 

division  of  the  scale.     If  the  attention  be  withdrawn  from  either  of 

these,  and  the  wand  be  viewed  indifferently,  we  shall  be  conscious  of 

the  two  images,  but  not  with  the  same  distinctness  as  that  with  which 

we  should  perceive  two  wands  placed  at  the  4th  and  8th  divisions  of 

the  scale.    It  will  follow  from  this,  that  when  we  look  with  both  eyes 

at  soy  object^  such  as  the  printed  page  of  a  book,  at  the  distance  of 
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8  or  10  inches  from  the  eyes,  we  have  two  images  of  the  difierenl 
nrts  of  the  page  okoed  llefore  the  eyes,  which  ave  seen  in  different 
directions^  and  ougnt  therefore  to  produce  double  vision ;  bat  this  is 
pieTentod  by  habitnallj  directing  oar  attention  to  (mcof  the  two,  and 
nedocting  the  other. 

That  the  perception  of  an  object  will  be  doaUe  if  the  directions  in 
which  it  is  seen  bj  the  two  eyes  axe  different^  may  also  be  demon- 
strated in  the  following  manner : — 

It  has  been  already  shown  that  the  optical  centres  of  the  eyes  can- 
not change  their  position  by  the  mere  action  of  the  moades  which 
more  the  eye-balls  in  their  sockets,  and  that  the  direction  in  which 
any  distant  object  is  seen  b^  both  eyes  is  the  same,  and  hence  it  is 
perceived  single;  but  if  a  slight  pressaro  be  applied  to  the  eye  with 
the  finger,  the  optical  centre  ^  the  eye  may  be  moved  from  its  posi- 
tion, so  that  tlie  direction  of  the  same  object  seen  bv  it  and  by  the 
odier  eye  will  not  be  the  same.  A  distant  object  will  in  this  case  be 
seen  double,  being  perceived  in  one  direction  by  the  eje  which  retsins 
its  natural  position,  and  in  another  by  that  whose  position  is  deranged 
by  pressure. 

1168.  The  eye  supplies  no  direct  perception  of  magnitude,  figure^ 
or  distance.  —  It  has  been  already  explained  that  two  similar  objects 
whose  distances  from  the  eye  are  to  each  other  in  the  same  proportion 
as  their  linear  dimensions  will  have  the  same  apparent  magnitude. 

In  like  manner^  if  an  object,  such  as,  for  example,  a  balloon,  moves 
from  the  eye  in  a  direct  line,  we  have  no  distinct  consciousness  of  its 
motion,  for  the  line  of  direction  in  which  it  is  soen  is  still  the  same. 
It  is  true  that  wo  may  infer  its  motion  through  the  air  by  the  increase 
or  diminution  of  its  apparent  magnitude ;  for,  if  we  have  reason  to 
know  that  its  real  magnitude  remains  unchanged,  we  ascribe  almost 
intuitively  the  change  of  its  apparent  magnitude  to  the  change  of  its 
distance;  and  we  consequently  infer  that  it  is  in  motion  either  towards 
or  from  us,  according  as  we  perceive  its  apparent  magnitude  to  be  in- 
creased or  diminished.  This  information,  however,  as  to  the  motion 
of  a  body  in  a  direct  line  to  or  from  the  centre  of  the  eye,  is  not  a 
perception  obtained  directly  from  vision,  but  an  inference  of  the  reason 
deduced  from  certain  phenomena.  It  may  therefore  be  stated  gene- 
rally, that  the  eye  affords  no  perception  of  direct  distance,  and  conse- 
quently none  of  direct  motion,  the  term  direct  being  understood  here 
to  express  a  motion  in  a  straight  line  to  or  from  the  optical  centre  of 
the  eye. 

1169.  Manner  of  estimating  the  real  distance. — The  distance  of 
a  visible  object  is  often  estimated  bj  comparing  it  with  the  apparent 
magnitude  and  apparent  distance  of  known  objects  which  intervene 
between  it  and  the  eye. 

Thus,  the  steeple  of  a  church  whose  real  height  is  unknown  cannot 
fy  mere  rhdon  be  estimated  either  as  to  distance  or  magnitude,  i ' 

648 


THE  EYE.  179 

the  apparent  height  would  be  the  same,  provided  its  magnitude  were 
greater  or  less  in  proportion  to  its  supposed  distance.  But,  if  between 
the  steeple  and  the  eje  there  intervene  buildings,  trees,  or  other 
objects,  whose  average  magnitudes  may  be  estimated,  a  proximate 
estimate  of  the  magnitude  and  distanoe  of  the  steeple  may  be 
obtained. 

For  example,  if  the  height  of  the  most  distant  building  between 
the  eye  and  the  steeple  be  known,  the  distance  of  that  buUding  may 
be  estimated  by  its  apparent  magnitude,  and  the  distance  of  the 
steeple  will  be  inferred  to  be  greater  than  this. 

1170.  Appearance  of  the  sun  and  moon  when  rising  or  setting. — 
A  remarkably  deceptive  impression,  depending  on  this  principle,  is 
deserving  of  mention  here.  When  the  disk  of  the  sun  or  moon  at 
rising  or  setting  nearly  touches  the  horizon,  it  appears  of  enormous 
magnitude  compared  with  its  apparent  size  when  high  in  the  firraa- 
ment  Now,  if  the  visual  angle  which  it  subtends  be  actually  mea- 
sured in  this  case,  it  will  be  found  to  be  of  the  same  magnitude. 
How,  then,  it  may  be  asked,  does  it  happen  that  the  apparent  mag- 
nitude of  the  sun  at  setting  and  at  noon  are  by  measure  the  same, 
when  they  are  by  estimation,  and  by  the  irresistible  evidence  of  sense, 
to  extKmely  different  ?  This  is  explained,  not  by  an  error  of  the 
sense,  for  there  is  none,  but  by  an  erroneous  application  of  those 
means  of  judging  or  estimating  distance  which  in  ordinary  cases 
sopply  true  and  just  conclusions. 

When  the  disk  of  the  sun  is  near  the  horizon,  a  number  of  inter- 
vening objects  of  known  magnitude  and  known  relative  distances 
sapply  the  means  of  spacing  and  measuring  a  part  at  least  of  the 
distanoe  between  the  eye  and  the  sun ;  but  when  the  sun  is  in  the 
meridian,  no  such  objects  intervene.  The  mind,  therefore,  assigns  a 
greater  magnitude  to  the  distanoe,  a  part  of  which  it  has  the  means 
Sf  measuring,  than  to  the  distance  no  part  of  which  it  can  measure ; 
and  aooordingly  an  impression  is  produced,  that  the  sun  at  setting  is 
at  a  much  greater  real  distance  than  the  sun  in  the  meridian ;  and 
sinee  its  apparent  magnitude  in  both  cases  is  the  same,  its  real  ma^- 
nitnde  must  be  just  so  much  greater  as  its  estimated  distanoe  is 
greater.  The  judgment,  therefore,  and  not  the  eye,  assigns  this 
erroneons  magnituc^  to  the  disk  of  the  sun. 

It  is  true  that  we  are  not  conscious  of  this  mental  operation.  But 
this  nnoonsciousness  is  explained  by  the  efiect  of  habi^  which  causes 
innumerable  other  operations  of  the  reason  to  pass  unobserved.  i 

1171.  Method  of  estimating  by  sight  the  magnitude  of  distan* 
ohjects.  —  As  the  eye  forms  no  immediate  perception  of  distance, 
neither  does  it  of  form  or  of  magnitude,  since,  as  has  been  already 
proved,  objects  of  very  different  real  magnitudes  have  the  same 
apparent  magnitude  to  the  eye,  of  which  a  striking  example  is 
afforded  in  ^e  case  of  the  sun  and  moon.     Neverthdess,  although 
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die  flje  mpiplifls  no  immediate  peroeptioii  of  ike  tmL  magnitiide  of 
oljeeta,  hamt  and  ezperienoe  enaue  na  to  form  eatimatea  more  or  kaa 
ernes  of  theae  mainiitadea  hy  the  oompariaon  of  diflerent  eifiBeta  pro- 
dnoed  hy  nght  and  tooch. 

ThiUy  for  example,  if  two  objeota  be  aeen  at  the  aame  diatanoefrom 
tlie  eye,  the  real  ma^tade  of  one  of  which  ia  known,  that  of  the 
oChiir  can  be  immediately  inferred,  aince,  in  ihia  caae,  the  apparent 
nagnitndea  will  be  proportional  to  the  real  magnitndea.  Tboa,  for 
example,  if  we  aee  the  figure  of  a  man  atanding  beaide  a  tree,  wr 
Ibrm  an  eatimate  of  the  height  of  the  latter,  that  of  the  former  being 
known  or  aaaomed.  Aaeribmg  to  the  individnal  aeen  near  the  tree 
the  average  height  of  the  human  fignre,  and  comparing  the  apparent 
hcaffht  of  the  tree  with  hia  apparent  height,  we  form  an  eatimate  of 
the  nddit  of  the  tree. 

1172.  Singular  Uhuwn  prodMctd  in  St.  Peter^f  ai  Borne.  It  ia 
bj  thia  kind  of  inferenoe  that  bnildinga  conatmeted  upon  a  aoala 
greatly  exceeding  common  dimenaiona  are  estimated,  and  rendered 
i^parent  in  pictorial  representations  of  them. 

On  entering,  for  example,  the  aisle  of  St.  Peter's  at  Bome,  or  St. 
Paul's  at  London,  we  are  not  immediately  conscious  of  the  vastness 
of  the  scale  of  these  structures ;  but  if  we  happen  to  see  at  a  distant 
part  of  the  building  a  human  figure,  we  immediately  become  conscious 
of  the  scale  of  the  structure,  for  the  known  dimensions  of  this  figure 
supply  a  modulus  which  the  mind  instantly  applies  to  measure  the 
dimensions  of  the  whole.  For  this  reason  artists,  when  they  repre- 
sent these  structures,  never  flail  to  introduce  human  figures  in  or  near 
them. 

1178.  Real  magnitude  may  sometimes  he  inferred  from  apparent 
magnitude.  —  It  has  been  explained  that  the  apparent  magnitude  of 

Sects  depends  conjointly  on  their  real  magnitude  and  their  distance, 
though,  therefore,  the  eye  does  not  afibrd  any  direct  perception 
either  of  real  magnitude  or  distance,  wo  are  by  habit  enabled  to  infer 
one  of  these  from  the  other. 

Thus,  if  we  happen  to  know  the  real  magnitude  of  a  yisible  object, 
we  form  an  estimate  of  its  distance  from  its  apparent  magnitude; 
and,  on  the  other  hand,  if  we  happen  to  know  or  can  ascertain  the 
distance  of  an  object,  we  immediately  form  some  estimate  of  its  real 
mi^itudc. 

Thus,  for  example,  the  height  of  a  human  figure  being  known,  if 
we  observe  its  apparent  visual  magnitude  to  be  extremely  small,  we 
know  that  it  must  be  at  a  distance  proportionally  great  If  we  know 
that  at  20  feet  the  figure  of  a  man  will  have  a  certain  apparent  height, 
and  that  we  find  that  his  figure  seen  at  a  certain  distance  appears  to 
have  only  one-fifth  of  this  height,  we  infer  that  his  distance  must  be 
about  100  feet 
In  like  manner,  the  realmai^itade  may  be  inforred  fh>m  the  app*' 
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rent  magnitude,  prorided  the  distance  be  known  or  can  be  ascertained. 
Thus,  for  example,  in  entering  Switserland  bj  its  northern  frontier, 
we  see  in  the  distance,  bounding  the  horizon,  the  line  of  the  snowy 
Alps,  and  the  first  impression  is  that  of  disappointment,  their  appa- 
rent scale  being  greatly  less  than  we  expected ;  but  when  we  are  in- 
formed that  their  distance  is  sixty  or  eighty  miles,  our  estimate  is  in- 
stantly corrected,  and  we  become  conscious  that  the  real  height  of 
mountains  which,  seen  at  so  great  a  distance,  is  what  we  observe  it, 
must  be  proportionally  vast 

1174.  Jiie  eye  not  perceiving  direct  distance  can  have  no  percep- 
tion of  (my  motion  bid  angular  motion  of  which  it  is  the  centre,  •— 
AVhen  an  object  moves  in  any  direction  which  is  not  in  a  straight  line 
drawn  to  or  from  the  centre  of  the  eye,  the  direction  in  which  it  is 
seen  continually  changes,  and  the  eye  in  this  case  supplies  an  imme- 
diate perception  of  its  motion;  but  this  perception  can  be  easily 
shown  to  be  one  not  entirely  corresponding  to  the  actual  motion  of 
the  object,  but  merely  to  the  continual  change  of  direction  which  this 
motion  produces  in  the  line  drawn  from  the  object  to  the  eye. 

Thus,  for  example,  if  the  eye  be  at  E,^g.  377.,  any  object  which 

moves  from  A  to  B  will 
cause  the  line  of  direction 
in  which  it  is  seen  to  re- 
volve through  the  ande 
A£B,  just  as  though  tno 
body  which  moves  were  to 
Fig.  377.  ,  describe  a  circular  arc,  of 

which  E  is  the  centre  and 
X  A  the  radins.  But  if,  insksad  of  moving  from  a  to  b,  the  body 
were  to  move  from  a'  to  b',  the  impression  which  its  motion  would 
prodnoe  upon  the  sight  would  be  exactly  the  same.  It  would  still 
appear  to  be  moving Irom  the  direction  £  a'  A  to  the  direction  ebb'. 
In  fine,  the  eye  affording  no  perception  of  direct  distance,  supplies 
no  evidence  of  the  extent  to  which  the  body  may  change  its  distance 
from  the  eye  during  its  motion,  and  the  apparent  motion  will  be  the 
aame  as  if  the  body  in  motion  described  a  circle  of  which  the  eye  is 
the  oentre. 

Hence  it  is  that  the  only  motion  of  which  the  eye  forms  any  imme- 
diate apprehension  is  angular  motion,  that  is,  a  motion  which  is  mea- 
sured by  the  angle  which  a  line  describes,  one  extremity  of  which  is 
ftt  the  oentre  of  the  eye,  and  the  other  at  the  moving  object. 

1175.  Beal  direction  of  motion  may  be  inferred  by  comparing 
apparent  motion  with  apparent  magnitude.  — Though  the  real  direo- 
tion  in  which  a  distant  object  moves  cannot  be  obtained  by  the  direct 
perception  of  vision,  some  estimate  of  it  may  be  formed  by  com- 
paring the  apparent  angular  motion  of  the  object  with  its  apparent 
magnitode. 
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TboBf  lot  esunple,  if  we  obwrfe  duit  the  appaient  magiiitiib  tf 
■a  objeoi  lemaine  cooatantlj  the  same  while  it  hai  a  oertun  marait 
wigular  motion^  we  infer  that  ite  diatanoe  miut  neeeHuilT  xemam  the 
aame,  and  oooMqnentl j  that  it  leWvee  in  a  oizcley  in  the  eentre  of 
whieh  the  obeerver  is  plaoed :  or  if  we  find  that  il  has  an  angidar 
nno/Aonif  in  yirtoe  of  which  it  changes  its  direction  snoceBBiTeW  aroond 
tMi  80  as  to  make  a  complete  cireait  of  860^,  and  that  in  nudang  this 
cireoit  its  apparent  magnitude  first  diminishes  to  a  certain  limit^  and 
then  aiiffments  until  it  attains  a  certain  major  limit  from  which  it  again 
diminishes^  we  infer  that  soch  a  body  reydlTes  round  us  at  a  Taij- 
inc  distance,  its  dislance  being  greatest  when  the  apparent  magnitu^ 
is  leasts  and  least  when  its  apparent  magnitude  is  jpeatest  An  exact 
observation  of  the  yariation  of  the  apparent  magmtude  would  in  such 
ft  esse  supply  a  corresponding  estimate  of  the  variation  of  the  real  dis- 
tancCi  and  would  thus  form  the  means  of  ascertaining  the  path  in 
whkdi  the  body  mores. 

1176.  Hxamplu  of  the  tun  end  nunrn, — An  example  of  this  is 
presented  in  the  cases  of  the  sun  and  moon,  whose  apparent  magni- 
tudes are  subject,  during  their  revolution  round  the  earth,  to  a  slight 
variation,  being  a  minimum  at  one  point  and  a  maximum  at  the  ex- 
treme opposite  point,  the  yariation  being  such  as  to  show  that  their 
motions  are  made  in  an  ellipse  in  the  focus  of  which  the  earth  is 


1177.  HotD  the  apparent  motion  of  an  object  is  affected  by  the 
motion  of  the  observer,  —  As  the  eye  perceives  the  motion  of  an  ob- 
ject only  by  the  change  in  the  direction  of  the  line  joining  the  object 
with  the  eye,  and  as  this  change  of  direction  may  be  produced  as  well 
by  the  motion  of  the  observer  as  by  that  of  the  object  we  find  accord- 
ingly that  apparent  motions  are  produced  sometimes  in  this  manner. 
Thus,  if  a  person  be  placed  in  the  cabin  of  a  boat  which  is  moved 
upon  a  river  or  canal  with  a  motion  of  which  the  observer  is  not  con- 
scious, the  banks  and  all  objects  upon  them  appear  to  him  to  move  in 
a  contrary  direction.  In  this  case  the  line  drawn  from  the  object  to 
the  eye  is  not  moved  at  the  end  connected  with  the  object,  which  it 
would  be  if  the  object  itself  were  in  motion,  but  at  the  end  connected 
with  the  eye.  The  change  of  its  direction,  however,  is  the  same  as 
if  the  end  connected  with  the  object  had  a  motion  in  a  contrary  direc- 
tion, the  end  connected  with  the  eye  being  at  rest;  consequently,  the 
apparent  motion  of  the  objects  seen  which  are  really  at  rest,  is  in  a 
direction  contrary  to  the  real  motion  of  the  observer. 

1178.  Example  of  railway  trains. — In  some  coses  the  apparent  mo- 
tion  of  an  object  is  produced  by  a  combination  of  a  real  motion  in  the  ob- 
ject and  a  real  motion  in  the  observer.  Thus,  if  a  person  transported  in 
a  railway  carriage  meet  a  train  coming  in  the  opposite  direction,  both  ex- 
tremes of  the  line  joining  his  eye  with  the  train  which  passes  him  are  in 
motion  in  contrary  directions;  that  extremity  which  is  at  his  eye  is  moved 
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hj  the  motion  of  the  train  which  carries  him,  and  the  other  extremity  is 
moved  bj  the  motion  of  the  train  which  passes  him.  The  change  of 
direction  of  the  line  is  accordingly  produced  by  the  sum  of  these  mo- 
tions ;  and  as  this  change  of  direction  is  imputed  by  the  sense  to  the 
train  which  passes,  this  train  appears  to  move  with  the  sum  of  the  velo- 
cities of  the  two  trains.  Thus,  if  one  train  be  moved  at  twenty  miles  an 
hoar,  while  the  other  is  moved  at  twenty-five  miles  an  hour,  the  appa- 
rent motion  of  the  passing  train  will  be  the  same  as  would  be  the  motion 
of  a  train  moved  at  forty-five  miles  an  hour  passing  a  train  at  rest. 

1179.  Compounded  effects  of  the  motion  of  the  observer  and  of  the 
object  observed,  —  If  the  line  joining  a  visible  object  with  the  eye  be 
moved  at  both  its  extremities  in  the  same  direction,  which  would  be 
the  case  if  the  observer  and  the  object  were  carried  in  parallel  lines, 
then  the  change  of  direction  which  the  line  of  motion  would  undergo 
would  arise  from  the  difference  of  the  velocities  of  the  observer  and 
of  the  object  seen. 

If  the  observer  in  this  case  moved  slower  than  the  object,  the  ex- 
tremity of  the  line  of  motion  connected  with  the  object  would  be  car- 
ried forward  faster  than  the  extremity  connected  with  the  observer, 
and  the  object  would  appear  to  move  in  the  direction  of  the  observer's 
motion,  with  a  velocity  equal  to  the  differeuoe ;  but  if,  on  the  con- 
traiy,  tiie  velocity  of  the  observer  were  greater  than  that  of  the  object, 
the  extremity  of  the  line  connected  with  the  observer  would  be  carried 
forward  &ster  than  that  connected  with  the  object,  and  the  change  of 
direction  would  be  the  same  as  if  the  object  were  moved  in  a  contrary 
direction  with  the  difference  of  the  velocities. 

It  18  easy  to  perceive  that  a  vast  variety  of  complicated  relations 
which  may  exist  between  the  directions  and  motions  of  the  observer 
and  of  the  object  observed,  will  give  rise  to  very  complicated  pheno- 
xnena  of  apparent  motion.  Thus,  relations  may  be  imagined  between 
the  motbn  of  the  observer  and  that  of  the  object  perceived,  by  which, 
thoiigh  both  are  in  motion,  the  object  will  appear  stationary;  the  mo- 
tion of  the  one  affecting  the  line  of  direction  in  an  equal  and  con- 
tnury  manner  to -that  with  which  it  is  affected  by  the  other;  and,  in 
the  same  manner,  either  motion  may  prevail  over  the  other  more  or 
lesiy  so  as  to  eive  the  line  of  direction  a  motion  in  accordance  with 
or  oontraiy  to  ue  real  motion  of  the  object 

1180.  Examples  of  the  planetary  motions.  —  All  these  compli- 
Cited  phenomena  of  vision  are  presented  in  the  j>roblems  which  arise 
cm  the  deduction  of  the  real  motion  of  the  bodies  composing  the  solar 
system  from  their  apparent  motions.  The  observer  placed  in  the 
middla  of  this  system  is  transported  upon  the  earth  in  virtue  of  itf 
aoniial  motion  round  the  sun  with  a  prodigious  velocity,  the  direo- 
lioQ  of  his  motion  changing  from  day  to  day  according  to  the  curvfr- 
tare  of  the  orbit.  The  bodies  which  he  observes  are  also  affected 
with  various  motions  at  various  distances  around  the  snn,  the  combi- 
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, ^  of  which  with  the  modoo  of  the  OBrth  ptot  rife  to  oomdieileil 

phenomena^  the  analjni  of  which  ie  made  upon  the  prineiiMM  here 

llSlTjingMlar  or  vistuU  dUianeei.  —  It  is  luaal  to  exprees  the 
lektiTe  podtioo  in  which  objects  are  eeen  by  the  rektite  dinction  of 
linee  drawn  to  them  from  Uie  eye;  and  the  angle  contained  by  any 
two  such  lines  is  called  the  angular  or  Tisual  &tance  between  the 
.objects.  Thus,  the  angular  distance  between  the  oljects  A  and  b,^. 
877.,  ia  expressed  by  the  magnitude  of  the  ansLe  A  x  b.  If  this 
■ng^  be  80''y  the  objects  are  said  to  be  SO""  asunder.  It  is  evident 
from  this  that  all  olyjeots  which  lie  in  the  direction  of  the  same  lines 
will  be  at  the  same  angular  distance  asunder,  howerer  difieient  their 
leal  distance  from  each  other  may  be.  Thus,  the  angular  distance 
between  A  and  B,JSg.  877.,  is  the  same  as  the  angular  distance 
between  a'  and  b'. 

1182.  Futon  afords  no  direct  perc^^iumof  hdk  or  form. — How 
mek  qutdiiieo  are  inferred. — Si^t  does  not  amird  anyimmediate  fer- 
eeption  either  of  the  volume  or  shape  of  an  object  *  The  information 
which  we  derive  from  the  sense,  of  the  bulk  or  figure  of  distant 
objects,  IB  obtained  by  the  comparison  of  different  impressions  made 
upon  the  sense  of  sight  by  the  same  object  at  different  times  and  in 
d^erent  positions.  A  body  of  the  spherical  form  seen  at  a  distance 
appears  to  the  eye  as  a  flat  circular  disk,  and  would  never  be  known 
to  have  any  other  form,  unless  the  impression  made  upon  the  eye 
were  combined  with  other  knowledge,  derived  from  other  impressions 
through  sight  or  touch,  or  both  these  senses,  and  thus  supplied  the 
understanding  with  data  from  which  the  real  figure  of  the  object 
oould  be  inferred.  The  sun  appears  to  the  eye  as  a  flat,  circular  disk ; 
but,  by  comparing  observations  made  upon  it  at  different  times,  it  is 
ascertained  that  it  revolves  round  one  of  its  diameters  in  a  certain 
time,  presenting  itself  under  aspects  infinitely  varying  to  the  observer; 
and  this  fact,  combined  with  its  invariable  appearance  as  a  circular 
disk,  proves  it  to  be  a  sphere ;  for  no  body  except  a  sphere,  viewed 
in  every  direction,  would  appear  circular. 

Although  we  do  not  obtain  from  the  sense  of  sight  a  perception  of 
the  shape  of  a  body,  we  may  obtain  a  perception  of  the  shape  of  one 
of  its  sections.  Thus,  if  a  section  of  the  body  be  made  by  a  plane 
passing  through  it  at  right  angles  to  the  line  of  vision,  the  sight  sup- 
plies a  distinct  peroep^on  of  the  shape  of  such  section.  Thus,  if  an 
egg  were  presented  to  the  eye  with  its  length  in  the  direction  of  the 
lino  of  vision,  it  would  appear  circular,  because  a  section  of  it  made 
by  a  plane  at  right  angles  to  its  length  is  a  circle ;  but  if  it  were  pre- 
sented to  the  eye  with  its  length  at  right  angles  to  the  line  of  vision, 
it  would  appear  oval,  that  being  the  shape  of  a  section  made  by  a 
plane  passing  through  its  length. 

If  a  body,  therefore,  presents  itself  successively  to  the  eye  in  seve- 
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nl  diflferent  pontioDBy  we  obtain  a  knowledge  by  the  sense  of  sight  of 
■o  many  diffisrent  sections  of  it,  and  the  combination  of  these  sections 
may  in  many  cases  supply  the  reason  with  data  by  which  the  exact 
figure  of  the  body  may  be  known. 

1183.  Visible  area. — As  the  term  ''apparent  magnitude"  is  used 
to  express  the  visual  angle  under  which  an  object  is  seen,  we  shall 
adopt  the  term  visible  area  to  express  the  apparent  magnitude  of  the 
section  of  a  visible  object  made  by  a  plane  at  right  angles  to  the  line 
of  vision,  that  is  to  say,  to  the  line  drawn  from  the  eye  to  the  centre 
of  the  object 

1184.  How  the  shape  is  inferred  from  lights  and  shades, — Besides 
receiving  through  the  sight  a  perception  of  the  figure  of  the  section 
of  the  ODJect  which  forms  its  visible  area,  we  also  obtain  a  perception 
of  the  lights  and  shades  and  the  various  tints  of  colour  which  mark 
and  characterize  such  area.  By  comparing  the  perception  derived 
from  the  sense  of  touch  with  those  lights  and  shades,  we  are  enabled 
by  experience  and  long  habit  to  judge  of  the  figure  of  the  object  from 
these  lights  and  shades  and  tints  of  colour.  It  is  true  that  we  are 
not  conscious  of  this  act  of  the  understanding  in  inferring  shape  from 
colour  and  from  light  and  shade ;  but  the  act  is  nevertheless  per- 
formed by  the  mind.  The  first  experience  of  inference  is  the  com- 
parisoQ  oi  the  impressions  of  sight  with  the  impressions  of  touch ; 
and  one  of  the  earliest  acts  of  the  mind  is  the  inference  of  the  one 
from  the  other.  It  is  the  character  of  all  mental  acts,  that  their  fre- 
quent performance  produces  an  unconsciousness  of  them ;  and  hence 
it  ifl  that  when  we  look  at  a  cube  or  a  sphere  of  a  uniform  colour, 
althoagh  the  impression  upon  the  sense  of  sight  is  that  of  a  flat  plane 
fmriously  shaded,  and  having  a  certain  outline,  the  mind  instantly 
Babstitates  the  thing  signified  for  the  sign,  the  cause  for  the  effect ; 
and  the  conclusion  of  the  judgment,  that  the  object  before  us  is  a 
tphere  or  a  cube  of  uniform  colour,  and  not,  as  it  appears,  a  flat  plane 
variously  shaded,  is  so  instantaneous,  that  the  act  of  the  mind  passes 
unobserved. 

The  whole  art  of  the  painter  consists  in  an  intimate  practical  know- 
ledge of  the  relation  between  these  two  effects  of  perception  of  sight 
and  touch.  The  more  accurately  he  is  able  to  delineate  upon  a  flat 
surface  those  varieties  of  light  and  shade  which  visible  objects  imme- 
diately produce  upon  the  sense,  the  more  exact  will  be  his  delinea- 
tion, and  the  greater  the  vraisemb  lance  of  his  picture. 

What  is  called  relief  in  painting,  is  nothing  more  than  the  exact 
representation  on  a  flat  surface  of  the  varieties  of  light  and  shade  pro- 
duced by  a  body  of  determinate  figure  upon  the  eye ;  and  it  is  accord- 
ingly found  that  the  flat  surface  variously  shaded,  produced  by  the  art 
of  tne  painter,  has  upon  the  eye  exactly  the  same  effect  as  the  object 
itself,  which  is  in  reality  so  different  from  the  coloured  canvass  which 
represents  it. 

q2  6§5 


i  witk  die  eje.    It  ■  Mt  ntfl  die  hand 
fbfltli  to  anotain  die  abaenee  of  tlie  objeeta  aeen  fiom  the 
■paee  faefete  the  ere  that  this  optied  fallacj  is  dianpated. 

The  ere  whieh  has  reeenUj  gained  the  pover  cf  Tision  al  first  eui- 
•oC  dktingiiish  one  eolour  from  another,  and  it  is  not  until  time  has 
heen  giren  for  expefienee,  that  either  eolovr  or  outline  is  peroeiTed. 

11^6.  Ofeertmm  de/eeU  ta  ruum. — Besides  that  impeffecdon  in- 
odmt  to  the  organs  of  sight  arising  frtmi  the  ezeeas  or  deficiencj  of 
their  refractiTe  povers,  there  is  another  daas  whieh  appear  to  depend 
vpoQ  the  quality  of  the  hnmoiirB  through  which  the  lights  prooeeding 
from  risiUe  objeets,  passes  before  attaining  the  retina.  It  is  evident 
that  if  these  homoon  be  not  absolatelj  tianspaient  and  ooIonrleaB,  Uis 
image  oo  the  retina,  thoo^  it  maj  concqwnd  in  Conn  and  ootline 
with  the  object,  will  not  correspond  in  eoloor;  for  if  the  homonrs  be 
■ot  eoloorleas,  some  consdtnents  of  the  light  prooeeding  from  the  ob- 
ject will  be  interoepCed  before  reaching  the  retina,  and  the  picture  on 
the  retina  will  aoeordingi  j  be  depriTed  of  the  eolonrs  thus  intercepted. 
I£^  for  example,  the  hnmoors  of  the  eye  were  so  ooastitoted  as  to  io- 
tefeept  all  the  red  and  orange  rays  of  white  light,  white  paper,  or  any 
other  white  object,  snch  as  the  son,  for  example,  woold  appear  of  a 
bloish-green  oolonr;  and  i^  on  the  other  hand,  the  homoors  were  so 
constituted  as  to  intercept  the  bines  and  Tiolets  of  white  light^  all 
white  objects  woold  appear  to  have  a  reddish  hoe.  Such  de&ts  in 
the  homoon  of  the  eye  are  fortunately  rare,  bat  not  unprecedented. 

1187.  CmrioMS  example*  of  defective  eyes,  —  Sir  David  Brewster, 
who  has  corioosly  examined  and  collected  together  cases  of  this  kind, 
^ves  the  following  examples  of  these  defects  : — 

A  sinsolar  affection  of  the  retina  in  reference  to  colour  is  shown  in 
the  inabdity  of  some  eyes  to  distinguish  certain  ookmn  of  the  8pei>- 
tnim.  The  penons  who  experience  this  defect  havn  their  eyes  gen»- 
lali/iD  naomid  state,  and  are  capaUe  of  performing  all  die  moat  doScale 
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teetioDfl  of  vision.  M.  Harris,  a  shoemaker  at  Allonbj,  was  UDable 
from  his  in&Dcy  to  distinguish  tho  cherries  of  a  cherry-tree  from  its 
leaves,  in  so  fiur  as  colour  was  concerned.  Two  of  his  brothers  were 
equally  defective  in  thb  respect,  and  always  mistook  orange  for  grass- 
green,  and  light  green  for  yellow.  Harris  himself  could  only  distin- 
cnish  black  and  white.  Mr.  Scott,  who  describes  his  own  case  in  tho 
Philosophical  Transactions,  mbtook  pink  for  a  pale  blue,  and  a  full 
red  for  a  full  green. 

All  kinds  of  yellows  and  blues,  except  sky-blue,  he  could  discern 
with  great  nicety.  His  Mher,  his  maternal  uncle,  one  of  his  sisters 
and  her  two  sons,  had  all  the  same  defect. 

A  tailor  at  Plymouth,  whose  case  is  described  by  Mr.  Harvey,  re- 
garded the  solar  spectrum  as  consisting  only  of  yellow  and  light  blue ; 
and  he  could  distinguish  with  certainty  only  yellow,  white,  and  green. 
He  regarded  indigo  and  IVussian  blue  as  bluck. 

M.  R.  Tucker  described  the  colours  of  the  spectrum  as  follows  :— 

Red  mistaken  for  brown. 

Orange      "  green. 

Yellow  sometimes orange. 

Qreen        «*  orange. 

Blue  "  pink. 

Indigo       "  purple. 

Violet        "  ; purple. 

A  gentleman  in  the  prime  of  life,  whose  case  I  had  occasion  to  ex- 
amine, saw  only  two  colours  in  the  spectrum ,  viz.  yellow  and  blue. 
When  the  middle  of  tho  red  space  wus  absorbed  by  a  blue  grass,  he 
saw  the  black  space  with  what  he  called  the  yellow  on  each  side  of  it 
This  defect  in  the  perception  of  colour  was  experienced  by  the  late 
Mr.  Dugald  Stewart,  who  could  not  perceive  any  difTercnce  in  the 
colour  of  the  scarlet  fruit  of  the  Siberian  crab,  and  that  of  its  leaves. 
Dr.  Dalton  was  unable  to  distinguish  blue  from  pink  by  daylight ;  and 
in  the  solar  spectrum  the  red  was  scarcely  visible,  the  rest  of  it  ap^ 
pearing  to  consist  of  two  colours.  M.  Trough  ton  had  the  same  de- 
fect, and  was  capable  of  fully  appreciating  only  blue  and  yellow  colours ; 
and  when  he  named  colours,  the  names  of  blue  and  yellow  corre- 
sponded to  tho  more  and  less  refrangible  rays ;  all  those  which  belong 
to  the  former  exciting  the  sensation  of  blucness,  and  those  which  be- 
long to  the  latter  the  sensation  of  yellowness. 

In  almost  all  these  cases,  the  different  prismatic  colours  had  the 
power  of  exciting  the  sensation  of  light,  and  giving  a  distinct  vision 
of  objects,  excepting  in  the  case  of  Dr.  Dalton,  who  was  said  to  be 
scarcely  able  to  see  tho  red  extremity  of  the  spectrum. 

Dr.  Dalton  endeavoured  to  explain  this  peculiarity  of  vii^ion,  by 
sapposing  that  in  his  own  case  the  vitreous  humour  was  blue,  and 
therefore  absorbed  a  great  portion  of  the  red  and  other  least  refran^ 
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_  r>*  5>f:  -:.\i.  —  r--:5e  sre  tie  m-?:  siap-Ie  and  most  nseful 
fli»  :  .it-.-aI  :L.:rj:LrL:*.  r::-"  c^ c?:?:  -if  rw?  glass lon^-s  mounted 
Iz  1  :n-r  f.-  a.-  ::  :^  .-  ltc-Ul^t  j-pp.:roi  kfore  the  eves,  and  to 
r«=--:T  :ii  iff-.-::*  ::  t:j:  -    f  uiturjl^v  imp^rft^t  eves. 

Wii:^T-:r  Zk  :ir  irtViti  :f  sr^h:  which  sfieotacles  mav  be  TL«od  to 
r~  -..- If  ^T.:.i::?:.::L;  :-^5  izl'.  :  bv  5-  mi^uiitei  that  tb.;ir 
ii  -  -  ...  >.  :-r-..  ..  ii- 'Li:  :L::r  >.r-:r:5  ?r.i!I  ciiiciie  with  the 
■^  ■■  *  :'  ■-■-.  :  -;-  •?  -_-■  -  --■•  "r"-::^-  ^^a-:?  iro  'i:n:-A.':c'J  p-[-rf^Ddiciibr 
•    "-     J  •.•  r-  : -l:    :  :i.  :-. ..  :Li:  li  ::.  sav.  when  the  oves  i.>jk 

:..  -  :  :  :.:;  If.  -:^  ;--^  ::-7-:r--.  -ro  r:j;:v  art^n-'vl  t.-»  in  the 
■y.  ^*>.-.::.!--      I^ ':-o: ^ .!.?'-:  :l  ;::.*.:  :l  ix:-.:iivlv 'i^zL:  and 

f^i..  ■  :r^:..— .  :i.  1- ls-;?  i!:::>:  iLvririiillT  l-?c-  thiir  panijioli-sra, 
11  i  ■:...:  ix-.>  L  :  :.!v  --j  :■:■  :-.•  :  ir^V.-.'..  l-ii  are  froiiKntly  in  dif- 
r.r.:.-  :L:.  •  >:-.:-. ■..5  ■  "j..:  iLorv!  rc  to  U?  c:r.s:ructvd  with 
n.  .::.::•  j  •  .::..  ;.r.*'.y  <:r  r^j  :■  rrevrL:  tLi*  deran^emrcr  of  the  axes 
<:  ::.  :  :  -  V  ..:.  I  :l  ::.-  ir  •  rijir-il  o- urni-.tion  c;ire  i-LcuId  be  taken 
ti^:  ::..  -x  *    :"  :lv  '.■  t.^:<  \-:  truly  i  iriild. 

I'  ::.::  il-pd::  i.  :  r>:::i..^?  it  i?  L-oos^ary  that  the  distance  bc- 
:»■.■:.  :•:•.  :-::.::■>  .:  tL-.  1il?v?  ?L-  ul.i  be  precisely  e^^iial  to  the  dis- 
LkT. .  ■>. :«^:vL  :Lr  o-.Ltre?  f  :Lf  J'Jri!*.  The  cltarv-st  vi^ioD  Uing 
..  ■ :-  !.-.-i  ':  y  '.  .  k:!.j  :':.r.ujh  the  e-  iitr.  ?  pf  the  Ln^c-is.  the  cye>  have 
s  V  r.?*.i:.:  v -:-.:.. y  :  1  iv  ir*  that  direction.  N.^w.  if  the  distance 
V-. :v.;-.L  :L-:  .- -^tr-.  ^^  ■ !'  T-e  '.-.w.^t*  i<-  srroati.-r  than  the di>tacee  lK?tween 
i:-.:  >  "..rr?  ::  ::.e  ruj'^-*-  '^^'  '^■>'*^-  having  a  tendency  to  look  through 
tl.v  x-.:.:rt?  :f  t'-e  ltLs<?.  their  axes  wiii  eea.se  to  be  parallel,  and  will 
divcrjv  if  ::i  ::.-.  I'aM?  of  an  our«.juint.  On  the  other  hana.  if  tiie 
d:5:anv\-  Itiwtvii  :h?  centre^  -f  the  lenses  l<»  less  than  the  disiauee 
K>:weva  ihe  ctuirts  ..•!  the  pupils,  there  will,  for  a  like  reason,  be  a 
xcdeuov  i-^  pr.yiuee  an  iusi."juint. 

It  ha<  l-e-.n  already  shown  that  the  pencils  most  free  from  aber- 
nti^D  ar\*  those  wh*.  se  axes  coincide  with  the  axis  of  the  lens,  and 
|li^  ni.>re  the  axcs  of  sev\tDdar}-  pencils  deviate  from  this,  tlie  j^reater 
eflfocts  of  aberration. 
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It  folIowB  from  tbis  tbat  tbo  most  perfect  Tision  witb  spectacles  is 
pcodaoed  when  the  eye  looks  in  the  direction  of  the  axis  of  the  lenses, 
■ad  that  more  or  less  imperfection  attends  oblique  vision  through 
them.  Persons  who  use  spectacles,  therefore,  generally  turn  the  head, 
when  those  whose  sight  does  not  require  such  aid  merely  turn  th^ 
eye. 

1189.  Periscopic  spectacles.  —  To  diminish  this  inconvenience, 
the  late  Dr.  Wollaston  suggested  the  use  of  mcniscuses  or  concavo- 
convez  lenses,  instead  of  double  concave  or  double  convex  lenses  with 
equal  radii,  which  had  been  invariably  used. 

For  persons  requiring  convergent  lenses  he  proposed  meniscuses 
with  the  concave  surface  next  the  eye ;  and  for  persons  requiring  diver- 
gent glasses,  he  proposed  the  concavo-convex  lens,  with  the  concave 
fide  next  the  eye.  The  effect  of  this  is  that  the  secondary  pencils 
have  leas  aberration  than  in  the  case  of  double  convex  and  double 
eoncave  lenses;  and,  consequently,  that  there  is  a  greater  freedom  of 
linon  by  turning  the  eye  without  turning  the  head,  from  which  pro- 
perty they  were  named  periscopic  spectacles. 

1190.  Weak  sight  and  short  sight.  —  It  has  been  already  explained 
that  the  optical  defects  of  the  eye  which  are  capable  of  being  corrected 
by  lenses  placed  before  it,  are  either  a  deficiency  or  an  excess  of  their 
refractive  power.  Eyes  which  are  deficient  in  refractive  power,  and 
which  are  called  weak-sighted  eyes,  are  those  which  are  not  capable 
€i  oonverging  the  pencils  proceeding  from  visible  objects  at  the  usual 
distances  to  a  focus  on  the  retina.  Eyes,  on  the  other  hand,  which 
hmre  too  great  refractive  power,  bring  the  rays  proceeding  from  visible 
objeotB  to  a  focus  before  they  come  to  the  retina,  and  are  called  short- 
sighted  eyes,  because  objects  which  are  near  them  are  distinctly  visible 
withcmt  the  interposition  of  lenses. 

1191.  Spectacles  for  weak-sighted  eyes.  — The  convergent  power 
of  the  lenses  necessaiy  for  weak-sighted  eyes  will  necessarily  be  de- 
termined by  the  degree  of  the  deficiency  which  exists  in  the  refractive 
power  of  the  eye.  K  the  eyes  be  capable  of  affording  distinct  vision 
of  objects  so  distant  that  the  rays  proceeding  from  them  may  be  rc- 
guded  as  parallel,  they  will  be  capable  of  refracting  parallel  rays  to 
an  exact  focos  on  the  retina ;  but  if  they  are  so  feeble  in  their  re- 
fractive power  as  to  be  incapable  of  converging  rays  in  the  slightest 
degree  divergent  to  a  focus,  they  will  be  incapable  of  seeing  distinctly 
any  objects  whose  distances  from  the  eye  are  less  than  from  two  to 
three  feet^  because  the  rays  composing  the  pencils  from  such  objects 
have  a  divergence  which,  though  slight,  the  eye  is  incapable  of  sur- 
monnting,  and  the  pencils  accordingly,  after  entering  the  eye,  converge 
to  a  fbcufl  not  on  the  retina,  but  behind  it. 

Ilence  we  find  that  persons  having  feebly  refracting  eyes  are  obliged 
to  remove  a  printed  or  written  page  to  a  considerable  distance  from 
the  eve  to  be  able  to  read  it.    The  pencils  are  thus  rendered  parallel, 
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tnd  theraCbre  inbh  as  the  eye  maj  tuiiig  to  a  fbeua  oo  the  retnia,  Imi 
this  increaie  of  diatanoe  finm  the  eye  ia  attended  with  the  ooneeqiiaiee 
cf  rendering  the  li^t  jnooeeding  horn  the  object  mofe  feehby  and 
often  too  feeUe  to  prodooe  diatinet  Tiaum.  Henoe  we  find  that  when 
weak-dghted  persons  hold  a  book  or  newspaper  which  Uiey  desire  to 
read  at  a  considerable  distance  from  the  eye,  they  are  obliged  at  the 
aame  time  to  place  a  candle  or  lamp  near  the  page  to  produce  an  illa- 
minadon  of  the  necessary  intensity. 

Since  such  eyes  arci  according  to  the  suppodtion,  adapted  to  the 
refraction  of  parallel  njs,  the  lenses  which  they  require  must  be  such 
as  to  render  the  pencils  proceeding  from  the  objects  at  which  they 
look  parallel,  and  consequently  they  must  be  lenses  wkau  focal  length 
is  equal  to  the  diskmee  of  the  objects  looked  aL 

Nothing,  therefore,  can  be  more  nmple  than  the  rule  to  be  f(^owed 
hy  such  persons  in  the  selection  of  spectacles.  They  have  only  to 
«se  lor  their  spectacles  lenses  whose  focal  lensUi  is  equal  to  the  dis- 
tance of  the  objects  which  they  desire  to  see  dislinotly;  and  if  they 
have  occasion  to  look  at  objects  at  different  distances,  as,  for  example, 
at  ten  and  at  twenty  inches,  they  ought  to  be  provided  with  different 
pairs  of  spectacles  for  the  purpose,  one  having  a  focal  length  of  ten 
inches,  and  the  other  a  focal  length  of  twenty  inches.  When  they 
look  at  an  object  at  ten  inches  from  the  eye  with  spectacles  of  ten 
inches  focal  length,  the  rays  will  enter  the  eye  exactly  as  they  would 
if  the  object  were  at  a  distance  of  several  feet  from  them;  and  those 
rays,  being  parallel,  will  bo  refracted  to  a  focus  on  the  retina. 

It  may  bo  asked,  in  this  case,  how  it  happens  that,  if  it  be  neces- 
sary for  such  persons  to  use  spectacles  having  a  focal  length  equal  to 
the  distance  of  the  object  at  which  they  look,  they  can,  nevertheless, 
see  with  the  same  spectacles  distinctly  objects  at  distances  greater  or 
less,  within  certain  limits,  than  the  focal  distance  of  the  spectacles  ? 
The  answer  is,  that  this  arises  from  the  power  with  which  the  eye  is 
endued  to  adapt  itself  within  certain  limits  to  vision  at  difierent  dis- 
tances, as  has  been  already  explained. 

1192.  How  to  determine  the  refracting  power  of  weak-sighted 
eyes.  —  If  the  weakness  of  the  sight  be  such  that  the  eye  is  incapable 
of  bringing  even  parallel  rays  to  a  focus  on  the  retina,  it  will  be  ne- 
cessary to  use  convergent  lenses  even  for  the  most  distant  objects. 
The  power  of  the  lenses  which  are  necessary  to  render  the  vision  of 
distant  objects  clear  in  that  case  will  supply  means  of  calculating  the 
natural  convergent  power  of  the  eye ;  for  since  the  convergent  power 
of  the  lens,  together  with  the  natural  convergent  power  of  the  eye, 
bring  parallel  rays  to  a  focus  on  the  retina,  Uie  natural  convergent 
power  of  the  eye  will  be  equal  to  the  difference  between  the  conver- 

gent  power  of  the  lens  and  the  convergent  power  of  an  eye  capable  of 
ringing  parallel  rays  to  a  focus  on  the  retina. 
To  render  this  more  clear  let/  be  the  focal  length  of  a  lens  which 
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is  eqaiTaleiit  to  the  refracting  power  of  an  eye  which  would  brins 
ptrallel  rays  to  a  focus  on  the  retina.  Let/'  be  the  focal  length  of 
the  lens  wliich  is  sufficient  to  enable  the  defective  eye  to  bring  parallel 
rajs  to  a  focus  on  the  retina ;  and  let/"  be  the  focal  length  of  a  lens 
optically  equivalent  to  the  defective  eye.     We  shall  then  have 

L  +  L_i. 

eonaeqaently  we  shall  have 

2-1—1 
S"~  f     f 

From  this  condition  the  focal  length  of  the  eye  can  be  found^  since 
its  reciprocal  is  equal  to  the  difference  between  the  reciprocals  of  the 
focal  length  of  an  eye  adapted  to  parallel  rays,  and  the  focal  length 
of  the  lens  which  produces  clear  vision  in  the  defective  eye. 

In  the  same  case,  spectacles  of  different  convergent  power  will  be 
neacssary  when  near  objects  are  viewed ;  for  in  this  case  the  pencils, 
having  more  divergence,  will  require  a  more  convergent  lens  to  aid 
the  eye  in  bringing  them  to  a  focus  on  the  retina.  Such  eyes,  there- 
fore, will  require  spectacles  of  different  powers  for  distant  and  near 
olijeelB ;  and  if  the  power  of  the  eye  in  adapting  itself  to  different  dis- 
tanoes  be  not  great,  it  may  even  be  advisable  to  provide  different 
speotadea  for  near  objects  which  differ  in  their  distance,  as  already 
explained  in  the  case  of  eyes  adapted  to  the  refraction  of  parallel 
rays. 

1193.  Spectacles  for  near-sighted  eyes.  —  To  determine  the  focal 
length  of  the  lens  which  will  enable  near-sighted  eyes  to  see  distinctly 
distant  objects,  it  is  only  necessary  to  ascertain  the  distance  at  which, 
without  an  effort,  the  same  eyes  can  see  objects  distinctly.  This  dis- 
tuioe  determines  the  degree  of  divergence  of  the  pencils  which  the 
eyes  bring  to  a  focus  on  the  retina.  If  diverging  lenses  be  applied 
before  the  eyes  whose  focal  length  is  equal  to  this  distance,  such  lenses 
will  give  to  parallel  rays  proceeding  from  distant  objects  the  same  de- 
gree of  divergence  as  pencils  would  naturally  have  proceeding  from 
objectA  whose  distance  is  equal  to  their  focal  length ;  consequently, 
according  to  the  supposition,  the  eye  will  bring  such  rays  to  a  focus 
on  the  retina.  The  lenses,  therefore,  which  fulfil  this  condition,  will 
render  the  vision  of  distant  objects  with  such  eyes  as  distinct  as  would 
be  the  vision  of  objects  placed  at  a  distance  from  the  eyes  equal  to 
the  focal  length  of  the  lenses. 

If  the  excess  of  the  refractive  power  of  short-sighted  eyes  be  so 

great,  and  the  power  of  adaptation  to  varying  distances  so  small,  that 

the  same  divergent  lenses  which  render  distant  objects  distinct  will 

not  render  objects  which  are  near  the  eyes,  but  not  near  enough  for 
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fiiliiiot  Tiaon  witbont  flpeeteolaiy  distiltiet,  ihen  lenses  of  less  dmiw 
gent  power  must  be  usea  to  prodnoe  a  distinot  vision  of  sncb  objects. 
Tbos,  for  example^  sappose  the  esse  of  eyes  so  nesr-sigfated  as  to 
see  distiDCtlj  objects  only  when  they  are  at  five  inches  distance.  To 
enable  these  eyes  to  see  an  object  at  ten  inches  distance  distinctly,  it 
will  be  necessary  to  use  divergent  lenses ;  but  these  lenses  must  have 
less  diverging  power  than  those  which  render  the  vision  of  distant 
objects  distinct,  because  the  same  lenses  which  would  give  the  neces- 
sary divergence  to  the  parallel  rays  which  proceed  from  distant  objects 
would  ^ve  too  great  a  divergence  to  the  pencils  which  proceed  from 
an  object  at  ten  inches  distance. 

1194.  Case  in  wfuch  the  eyes  of  the  same  person  have  different 
refracting  potters.  —  In  the  selection  and  adaptation  of  spectacles,  it 
is  invariably  assumed  without  question,  that  the  two  eyes  in  the  same 
individual  have  exactly  the  same  refiracting  power.  That  this  is  the 
case  is  evident,  from  the  fact  that  the  lenses  provided  in  the  same 
q[>ectacles  have  invariably  the  same  focal  length. 

Now,  although  it  is  generally  true  that  the  two  eyes  in  the  same 
individual  have  the  same  refractive  power,  it  is  not  invariably  so ;  and 
if  it  bo  not,  it  is  evident  that  lenses  of  equal  focal  length  cannot  be 
at  once  adapted  to  both  eyes. 

When  the  difference  of  the  refractive  power  of  the  two  eyes  is  not 
great  (which  is  generally  the  case  when  a  difiference  cziats  at  all), 
this  inequality  is  not  perceived.  By  an  instinctive  act  of  the  mind 
of  which  we  are  unsconscious,  the  perception  obtained  by  the  more 
perfect  of  the  two  eyes  in  case  of  inequality  is  that  to  which  our  at- 
tention is  directed,  the  impression  on  the  more  defective  eye  not  being 
perceived. 

It  might  be  expected,  however,  that  the  inequality  would  become 
apparent,  by  looking  alternately  at  the  same  object  with  each  of  the. 
eyes,  closing  the  other ;  but  it  is  so  difficult  to  compare  the  powers  of 
vision  of  the  two  eyes  when  they  are  not  very  unequal  by  objects  con- 
templated at  different  times,  even  though  they  should  be  exhibited  in 
immediate  succession,  that  this  method  fails. 

1195.  Apparatus  for  comparing  the  power  of  vision  of  the  two 
eyes,  —  My  attention  having  been  recently  directed  to  this  question, 
I  have  contrived  an  apparatus  which  may  not  inaptly  be  called  an 
Opthnlmometery  by  which  the  least  difiference  in  the  powers  of  the  two 
eyes  may  be  rendered  immediately  apparent. 

The  principle  I  have  adopted  for  this  purpose  resembles  that  which 
has  been  otherwise  applied  with  success  in  photometers.  I  have  so 
arranged  the  apparatus,  that  two  similar  objects  similarly  illuminsted 
shall  be  at  the  same  time  visible  in  immediate  juxtaposition,  the  one 
by  the  right  eye  being  invisible  to  the  left  eye,  and  the  other  by  the 
left  eye  being  invisible  to  the  right  eye. 

Tius  apparatus  conaats  of  a amall  box  abo d,^.  378.,  about  five 
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!iiclie8  in  width  A  D,  ten  inches  in  length  a  b,  and  six  inches  in  height 
Within  this  there  slides  another  box^  a'  b'  ud', 
made  nearly  to  fit  it,  bnt  to  move  freely  within 
it,  the  interior  of  this  box  being  blackened,  or 
lined  with  black  Telvet.  In  the  end  b'  (/  is  a 
rectangular  apertnre  M  N,  the  length  of  which 
M  N  is  about  an  inch,  and  the  height  about  half 
an  inch ;  the  length,  however,  being  capable  of 
being  augmented  and  diminished  by  slides.  Op- 
posite to  the  end  of  the  box  B  o  is  a  white 
screen,  on  which  is  traced  a  horizontal  line  pa- 
rallel and  opposite  to  the  opening  M  N,  and 
marked  with  a  divided  scale,  the  0  of  which  is 
opposite  to  the  centre  of  the  aperture  M  n,  and 
the  divisions  upon  which  are  numbered  in  each 
direction  from  0  by  1,  2,  3,  4,  5,  G. 
Let  nfl  suppose  the  eyes  now  applied  at  r  and  L.  Let  the  sliding 
lii«erior  box  b'  o'  be  moved  until,  on  closing  the  left  eye,  the  division 
0  of  the  scale  coincides  with  the  edge  M  of  the  opening,  and  at  the 
Bame  time,  by  closing  the  right  eye,  the  same  division  0  of  the  scale 
ooincides  with  the  edge  N  of  the  opening.  It  will  be  always  possible 
to  make  this  adjustment,  provided  the  eyes  are  placed  centrally  oppo- 
dte  the  opening  m  n,  which  may  be  easily  managed  ))y  cutting  in  the 
edge  of  the  box  a  D  an  opening  to  receive  the  bridge  of  the  nose. 
This  arrangement  being  made,  it  is  clear  that  if  we  close  the  left  eye 
we  shall  see  the  space  upon  the  scale  included  by  the  lines  R  N  and 
B  If  continued  to  the  screen  r'  l'.  Let  us  suppose  this  space  to  in- 
clode  the  six  divisions  of  the  scale  from  0  to  6.  If  we  close  the 
right  eye,  we  shnll  see  with  the  left  eye  the  six  divisions  of  the  scale 
to  the  right  of  0.  Now  if  we  open  both  eyes  and  look  steadily  with 
them  through  the  aperture  M  N,  giving  no  more  attention  to  the  im- 
pression on  the  one  than  on  toe  other,  we  shall  see  the  twelve  divisions 
of  the  scale,  six  to  the  righe  and  six  to  the  left  of  0 ;  the  six  divisi(ms 
to  the  left  of  o  being  seen  on(y  with  the  right  eye,  and  the  six  divi- 
sions to  the  right  of  0  being  seen  only  with  the  left  eye. 

lo  this  way  we  have  two  similar  objects,  siniilnrly  illuminated  and 
of  equal  magnitude,  in  immediate  juxtaposition,  the  one  seen  by  the 
right  and  the  other  by  the  left  eye ;  and  any  difiercnce  in  their  dis- 
tinctness, quality,  brilliancy,  or  colour,  will  be  as  clearly  and  instantly 
Serceivable  as  the  comparative  brilliancy  of  spaces  illuminated  by  two 
ifferent  lights  in  the  photometer.  I  have  already  experimented  with 
this  apparatus  upon  my  own  eyes,  the  result  of  which  is,  that  I  find 
that  the  sight  of  the  right  eye  is  much  bettor  than  that  of  the  left, 
the  figures  to  the  left  of  0  being  always  more  <listinct  than  those  to 
the  right  of  it ;  but,  what  is  more  remarkable,  I  find  that  the  trans- 
parency of  the  humours  of  the  right  eye  is  more  perfect  than  that  of 
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the  hnmoon  of  the  left  eye,  for  the  spiee  to  the  rif^t  of  0  dwaji 
appean  less  bright  than  the  speoe  to  the  left  of  it 

1196.  MeikSi  of  adapting  tpeeiaeks  to  eyes  wUh  wnequalwmm 
^fvincn. — To  apply  this  instnimeDt  for  the  pnrpoee  of  adapdng 
ipectacle  lenses  to  eyes  of  uneoual  powers  of  visiooi  it  is  neoesssiy 
flrst  to  ascertain  the  existence  of  the  ineqnalify  of  power  in  the  man- 
ner already  explained.  It  would  then  be  necessary  to  provide  two 
distinct  screens  on  which  similar  scales  mi^t  be  drEwn,  so  that  they 
niffht  be  placed  at  different  distuices  from  the  apertore  M  N.  Let 
their  relatiTe  distances  be  then  determined^  so  that  we  two  eyes  would 
iee  the  scales  with  equal  distinctness.  These  distances  will  then  repre- 
sent tiie  focal  lengths  of  the  diyeigent  lenses  which  it  would  be 
necessary  to  provick  for  the  eyes,  so  as  to  make  them  see  different 
objects  with  equal  distinctness. 

In  the  case  of  weak-sighted  eyes,  this  method  will  not  be  applicable. 
In  that  case  let  the  two  screens  be  placed  at  equal  distances  from  the 
aperture  M  N,  and  let  lenses  be  selected  fbr  each  eye  separately,  dosiDg 
the  other,  so  as  to  give  a  distinct  perception  of  the  scales.  The  two 
lenses  being  then  simultaneously  applied  to  the  eyes,  let  the  scale  be 
viewed  with  both  eyes  open.  If  the  lenses  be  adapted  to  correct  the 
defect  of  vision,  the  two  parts  of  the  scale  to  the  right  and  to  the  left 
of  0,  seen  at  the  same  time  by  each  eye  alone,  will  appear  of  uniform 
brilliancy  and  distinctness. 

If  defective  eyes  wore  tested  by  this  method,  I  believe  it  would  be 
found  that  inequality  of  vision  would  be  much  more  common  than  is 
generally  supposed,  and  accordingly  the  adaptation  of  spectacles  would 
be  considcnibly  improved. 

1197.  Rnnarkahle  case  of  vision  defective  in  different  degrees  in 
different  directions.  —  Cases  occur  not  only  in  which  the  comparative 
powers  of  vision  of  the  two  eyes  differ,  but  in  which  the  power  of 
vision,  even  of  the  same  eye,  is  different  when  estimated  in  different 
directions. 

I  have  known  short-sighted  persons  who  were  more  short-pighted 
for  objects  tiikcn  in  a  vertical  than  in  a  horizontal  direction.  Thus 
with  them  the  height  of  an  object  would  be  more  perceptible  than  its 
breadth,  and  in  general  vertical  dimensions  more  clearly  seen  than 
horizonal.  This  difference  arises  from  the  refractive  power  of  the  eye 
taken  in  vertical  planes  being  different  from  the  refractive  power 
taken  in  horizontal  planes ;  and  the  defect  is  accordingly  removed  by 
the  use  of  lenses  whose  curvatures,  measured  in  their  vertical  direc- 
tion, is  different  from  their  curvature,  measured  in  their  horizontal 
direction.  The  lenses,  in  fact,  instead  of  bavins  spherical  surfaces, 
have  elliptical  surfaces,  the  eccentricities  of  which  corresponded  with 
the  variation  of  the  refractive  power  of  the  eye. 

1198.  Camera  lucida, — This  instrument,  the  invention  of  the  late 
Vr  Wollaston^  has  proved  of  great  utility  in  the  arts,  presenting  a 
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Fig.  379. 


remarkable  facility  for  tracing  a  drawing  of  any  distant  objects,  such 
as  a  building,  a  landscape,  &c. 

A  quadrangular  prism,  ahcdjjig,  379,  having  a  right  angle  at 
hy  an  angle  of  185^  at  cf,  and  angles  at  a  and  c  equal  to  67 i^,  is  sup- 
ported on  a  vertical  pillar,  with  one  siJo 
a  &  of  its  right  angle  horizontal,  and  the 
other  h  c  vertical. 

If  an  object  be  placed  at  a  distance  oppo- 
site hcy  the  rays  proceeding  from  it  will 
enter  the  prism  in  the  direction  x  r,  and 
will  fall  upon  the  surface  i  c  so  as  to  make 
the  angle  xr  c  equal  to  22 J °,  and  conse- 
quently the  angle  of  incidence  with  the  sur- 
face dcis  67  i°.  This  angle  being  greater 
than  the  limit  of  transmission  from  g]u.ss 
into  air,  the  light  will  be  reflected  from  r,  making  the  angle  drr' 
equal  to  the  angle  e  r  :r ;  consequently,  it  will  fall  upon  the  sur£ice 
if  0  at  an  angle  of  incidence  of  67^°,  and  will  therefore  be  again 
reflected  from  r',  making  the  angle  ar  p  equal  to  22}°.  The  ray 
will  thus  fall  upon  the  surface  a  b  perpendicularly,  and  will  pass 
through  without  further  refraction.  An  eye  place<l  at  p  would  there- 
fore see  the  object  from  which  the  original  ray  x  r  had  proceeded  in 
the  direction  p  r',  and  the  same  being  true  of  all  rays  proceeding  from 
the  object,  an  image  of  the  object  will  be  seen  by  an  eye  presented 
downwards  over  the  prism  at  a. 

If  a  sheet  of  white  paper  be  placed  upon  the  table  which  supports 
the  prism,  an  eye  placed  at  p  will  see  a  picture  of  the  object  projected 
upon  the  paper;  and  if  the  eye  be  placed  so  close  to  the  edge  a  of  the 
prism  that  while  it  sees  the  picture  projected  upon  the  paper  it  also 
sees  the  paper  directly,  the  observer  will  be  able  to  trace  with  a  pencil 
an  outline  corresponding  with  the  picture,  for  while  the  picture  is  seen 
through  the  prism,  the  point  of  the  pencil  is  directed  upon  the  paper 
fo  seen  directly  outside  the  edge  of  the  prism. 

The  use  of  this  instrument  requires  some  dexterity  obtained  by 
practice ;  but  when  the  necessary  skill  is  acquired,  its  use  is  simple 
and  effectual. 

1199.  Camera  obscure, — It  has  been  already  explained,  that  if  an 
object  be  placed  before  a  converging  lens,  at  any  distance  greater  than 
the  fooal  length,  a  real  image  of  the  object  will  be  formed  on  the  other 
aide  of  the  lens,  at  the  point  corresponding  to  a  position  of  the  focus 
conjugate  to  the  object.  If  the  object,  as  is  generally  the  case,  be  so 
distant  that  pencils  of  rays  proceeding  from  it  to  the  lens  may  be 
renrded  as  parallel,  the  lens  will  then  form  a  picture  of  the  object  at 
a  distance  from  it  equal  to  iU  focal  length.  If  a  white  screen  be 
placed  at  right  angles  to  the  axis  of  the  leui^,  and  at  the  distance  at 
which  the  image  is  fortned,  the  image  will  be  depicted  upon  it  wito 
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Ui  proper  fbnn  and  edoiin;  and  if  amaffBiiieiiti  wwft  ptorided  hj 
wbioh  a  dranghtsman  ooold  have  aooeaa  to  the  imagB  thvs  formed  oo 
the  aereezii  he  woold  be  enabled  to  Inoe  its  oatline. 

To  obtam  the  neoeeaaiy  oonTenieiioe  and  fiutlities  for  aooompliahing 

thiB,  amuBgementB  are  neoeeaaij  by  whien 

■  ^  all  other  light  should  be  excluded  except 

K    P        -^^  that  which  faraa  the  picture,  and  that  the 

W  [~3^^£^^ii  porition  of  the  screen  or  pi^^er  on  which 

I    f  't   1  ^®  picture  is  formed  should  be  such  as 

/    1 'IJF     I         may  be  convenient  for  the  operatcMTy  andy 

»/      /\i\      \        ^^       '  ^  ^^^  ^^^  penon  of  the  operator 
w      I  ?\      I        maj  not  intercept  the  rays  forming  the 
MS{  I      \      1       poture.     These  objects  are  attained  hj 
jMfi  /    I    \      I       difierent  arrangements,  one  of  the  most 
\      simple  of  which  is  represented  in  J^.  380. 
I         The  lens  L  is  placed  in  the  centre  of 
^  ^^  —         -       1     the  top  of  a  rectanguhur  box,  whose  height 
f  /^K^  corresponds  with  the  focal  length  of  the 

f      \  lens,  whoso  bottom  forms  a  desk  upon 

which  the  draughtsman  works,  and  in  the 
side  of  which  is  an  opening  through  which 
he  may  introduce  his  head  and  arms,  over 
which  a  curtain  is  suspended,  so  that  while  it  includes  his  person  it 
may  exclude  the  light.  A  plane  reflector  A  B  is  placed  above  the 
lens,  and  is  moveable  on  hinges.  It  is  capable  of  being  adjusted  by 
a  handle,  which  descends  into  the  box,  so  that  the  operator  may  raise 
and  lower  it  until  the  picture  is  thrown  in  a  proper  position.  Means 
are  also  provided  by  which  the  lens  L  and  the  mirror  A  B  can  be 
moved  round  their  centre  so  as  to  receive  any  required  direction. 
The  lens  l  is  adjusted  in  a  sliding  tube,  by  which  the  focus  can  be 
brought  exactly  to  correspond  with  the  surface  of  the  paper. 

The  oblique  mirror  A  B  and  the  lens  L  may  be  replaced  by  a  prism 
with  curved  faces,  such  as  that  represented  in 
Jf  fig'  381.     The  face  of  the  prism  a  c,  at  which 

ZTj^L  ^^  ^y^  fi™*  enter,  is  convex,  by  which  the  rays 

— H^L       ^^  made  to  converge;  they  then  fall  upon  the 
*    ^^t    plane  side  a  6,  by  which  they  are  reflected,  and 
I  /        pass  through  the  curved  side  c  b,  by  which  they 
1/         are  again  refracted.     The  curvatures  of  the  two 
(/  sides  a  c  and  c  b  may  be  related  in  any  required 

manner,  so  that  their  convergent  powers  may  be 
equivalent  to  that  of  a  lens  of  any  proposed 
focal  length. 

Strictly  speaking,  the  picture  of  distant  objects  may  be  formed  free 
from  spheri<^  aberration,  if  the  surface  of  the  paper  form  the  sur&co 
ofa  aphere  of  which  the  optical  centre  of  the  lens  is  the  centre.    Thia 
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b  sometimes  aocomplisbed  by  throwing  the  picture  upon  a  concave 
sorfoce  formed  of  plaster  of  Paris^  whose  centre  corresponds  with  that 
of  the  lens. 

The  phenomena  exhibited  by  this  instrument  arc  rendered  especially 
pleasing,  inasmuch  as  it  exhibits  not  only  a  picture  of  the  external 
soenery,  but  shows  all  the  objects  in  motion  upon  it  as  in  the  real 
scene.  Thus  carriages,  horses,  and  pedestrians,  appear  with  theii 
proper  motion,  the  leaves  tremble  on  the  trees,  and  the  smoke  curls 
from  the  chimney. 

The  opening  at  which  the  observer  is  placed,  ought,  of  course,  to 
be  at  that  side  of  the  box  at  which  the  picture  appears  erect. 

1200.  The  magic  lantern, — The  magic  lantern  is  an  iostruracnt 
adapted  for  exhibiting,  on  an  enlarged  scale,  pictures  painted  in  trans- 
parent colours  on  glass,  by  means  of  magnifying  lenses,  by  which  the 
imys  proceeding  from  the  picture^  after  being  transmitted,  arc  brought 
to  a  focus  at  a  distance  from  it  upon  a  screen.  The  position  of  tlie 
screen  and  that  of  the  picture  are  conjugate  foci,  and  their  linear 
dimensions  are  in  the  proportion  of  their  distances  from  the  lens.  In 
proportion  as  the  picture  approaches  the  lens,  the  image  formed  on 
the  screen  recedes  from  it,  and  consequently  becomes  more  magnified. 
These  instruments  vary  in  their  form,  according  to  the  circumstances 
under  which  they  are  placed,  and  the  cost  expended  on  their  con- 
stroction. 

They  are  usually  arranged  as  represented  in  Jig.  382.  A  lamp  L 
10  included  in  a  dark  lantern ;  behind  it  b  placed  a  metallic  reflector 


Fig.  383. 

II N,  and  before  it  a  large  converging  lens  A,  usually  plano-convex. 
A  groove  is  provided  in  the  nozzle  of  the  lantern,  at  c  D,  to  receive 
the  piotores,  which  are  called  sliders,  in  consequence  of  being  succes- 
uvelj  passed  in  and  out  of  the  groove  c  d. 

The  colours  in  which  they  are  painted  and  prepared  are  transparent 
gams,  so  that  the  light  which  passes  through  them  may  have  corre- 
sponding colours.  The  magnifying  lens  B,  which  is  also  a  convergent 
Icnsi  is  set  in  a  tube;  which  slides  in  that  which  forms  the  fixed  nozzle 
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of  the  lintenii  and  van  be  moved  to  ukU  from  vLe  pioture  with  &  mo- 
tion like  Uiat  of  a  telescope  or  opeiM^an.  The  Udit  proceeding 
diieotiv  from  the  lamp  L,  and  that  whidi  is  rejected  by  M  N  paasbg 
tbroogh  the  lens  a,  which  is  called  the  iUundaat'mg  letUj  is  made  to 
converge  upon  the  picture  placed  in  the  groove  c  D,  so  as  to  produce 
an  equal  illumination  of  every  part  of  it  The  light  whiph  thus  pro* 
oeeds  from  the  picture  being  received  by  the  convergent  lens  B,  is 
brought  to  a  focus  on  a  screen  B  w,  the  screen  being  placed  at  such  a 
distance  from  b  as  to  correspond  with  the  focus  conjugate  to  that  of 
the  picture.  We  aroi  therefore,  to  consider  the  slider  as  pkced  in  the 
focus  of  incident  rays,  and  the  screen  in  the  focus  of  refracted  njs. 
If  the  tube  b  be  pushed  in  so  that  the  lens  be  brought  nearer  to  the 
picture,  the  screen  must  be  moved  to  a  greater  distance,  mnoe  by  what 
nas  been  already  established,  according  as  the  distance  of  the  focus  of 
inddent  rays  from  the  lens  B  approaches  to  ecjnaliU  with  its  foetl 
length,  the  conjugate  focus  must  recede  from  it  The  magnifying 
power  of  the  kntem  is  measured  by  dividing  the  height  of  the  picture 
formed  on  the  screen  by  the  height  of  toe  picture  formed  on  the 
slider. 

Thus,  if  the  slide  be  two  inches  and  a  half  wide,  and  the  picture 
formed  on  the  screen  be  twenty-five  inches  high,  then  the  magnifying 
power  will  be  ten.  The  picture  may  be  either  viewed  by  spectators 
placed  before  the  screen  or  behind  it.  In  the  former  case,  the  screen 
must  be  formed  of  some  material  which  is  not  penetrable  by  the  light; 
in  the  latter  case,  it  must  be  semi-transparent. 

The  best  surface  for  exhibiting  such  pictures  to  spectators  placed 
in  front  of  the  screen,  is  white  paper  or  pasteboard.  To  exhibit  them 
to  the  spectator  placed  on  the  other  side  of  the  screen,  it  is  usual  to 
prepare  the  screen  with  fine  wax,  so  as  to  stop  all  its  pores,  and 
prevent  the  direct  transmission  of  light.  In  this  case,  the  screen 
being  semi-transparent,  the  picture  formed  on  the.^ide  next  the  lan- 
tern is  visible  on  the  other  side,  just  as  it  would  be  through  a  plate 
of  ground  glass. 

Since,  however,  at  least  one  half  the  light  which  falls  on  the  screen 
is  reflected  from  it  in  the  direction  of  the  lantern,  the  pictures  thus 
formed  are  never  so  vivid  as  those  which  are  produced  upon  a  properly 
prepared  opaque  screen. 

Since  the  light  which  forms  the  picture  on  the  screen  is  in  all  cases 
that  which  proceeds  from  the  picture  on  the  slider,  it  is  evident  that 
the  greater  the  magnifying  power  used,  the  less  intense  will  be  the 
brilliancy  of  the  picture.  Whether  the  picture  on  the  screen  be  great 
or  small,  the  same  quantity  of  light  will  be  diffused  over  it,  being  the 
light  which  proceeds  from  the  picture  on  the  slider.  This  light,  there- 
fore, will  be  less  intense  in  the  same  proportion  as  the  magnitude  of 
the  picture  on  the  screen  is  increased.  If,  therefore,  the  picture  on 
ibe  screen  be  ten  times  the  height  of  the  picture  on  the  slider,  its 
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briUiancy  trill  be  a  hundred  times  less  than  the  hrilliancy  of  the  pio- 
toxe  on  the  slider. 

1201.  Phaniasmagoria.  —  When  the  pictures  produced  by  a  magio 
kntem  are  shown  through  a  transparent  screen  not  visible  to  Uie  - 
i>pectator,  they  may  be  made  to  vary  in  magnitude,  gradually  incrcas- 

ig  and  gradually  diminishing,  by  moving  the  light  to  or  from  the 
screen,  and  at  the  same  time  moving  the  lens  B  proportionally  from 
or  to  the  slider.  In  this  case  the  effect  produced  on  the  spectators  is 
that  of  an  object  approaching  to  or  receding  from  them ;  the  change 
of  apparent  magnitude  which  the  picture  undergoes  bciug  imputed  to 
a  change  of  distance  in  the  object.  When  the  picture  diminishes,  it 
18  supposed  to  recede  from  the  eye,  and  when  it  increases,  it  is  sup- 
poeed  to  approach  the  eye.  Various  effects  of  this  kind,  combined  by 
means  of  different  lanterns  used  at  the  same  time,  are  called  l^han- 
tasmagoria. 

1202.  Dissolving  views,  — The  exhibition  called  Dissolving  Views 
IS  produced  by  placing  two  lanterns  of  equal  power  so  as  to  throw 
pictures  of  equal  magnitude  in  the  same  position  on  the  same  screen. 

A  sliding  shutter  is  placed  upon  the  nozzle  of  each  lantern,  and  the 
two  shutters  are  moved  simultaneously,  in  such  a  manner  that  when 
the  nozzle  of  one  lantern  is  open,  that  of  the  other  is  completely  closed ; 
and  according  as  the  nozzle  of  the  former  is  gradually  closed^  that  of 
the  latter  is  gradually  opened. 

Let  us  suppose,  then,  that  two  slides  are  placed  in  the  lanterns,  one  re- 
presenting a  landlscape  by  day,  and  the  other  representing  precisely  the 
same  landscape  by  night;  and  let  the  nozzle  of  that  which  contains 
the  landscape  by  day  be  open,  the  other  being  closed,  the  picture  on  the 
screen  will  then  represent  the  landscape  by  day.  If  the  slides  be  now 
slowly  moved,  the  nozzle  of  the  lantern  which  shows  the  day  landscape 
will  begin  gradually  to  close,  and  that  which  shows  the  night  landscape 
will  ffiadually  open.  The  effect  will  be,  that  the  daylight  will  gradu- 
ally decline  upon  the  picture,  and  the  objects  represented  will  assume 
by  slow  degrees  the  appearance  of  approaching  night.  This  gradual 
change  will  go  on  until  the  nozzle  of  the  lantern  containing  the  day 
picture  is  completely  closed  and  that  containing  the  night  picture  com- 
pletely open,  when  the  change  from  day  to  night  will  have  been  completed. 

Various  other  effects,  familiar  to  those  who  have  witnessed  phan- 
tasmagoric exhibitions,  are  produced  by  combining  two  or  more  magio 
lanterns.  Thus,  for  example,  the  picture  of  a  castle  with  a  portcullis 
and  drawbridge  is  exhibited.  The  portcuili?  rises,  and  a  knight  in 
armour  on  horseback  issues  from  it  and  crosses  the  drawbridge.  The 
opening  of  the  portcullis  is  in  this  case  produced  by  a  moveable  plate 
attached  to  the  slider  representing  the  castle,  and  the  fi^re  of  the 
knight  is  produced  by  means  of  a  second  lantern,  so  skillfully  ma> 
naged  as  to  throw  the  image  of  the  knight  upon  the  screen^  and  to 
more  it  so  as  to  cross  the  drawbridge. 
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1208.  SuRpIe  mieroseopes.  — If  die  eye  powewod  tlie  fbenltf  ef 
fliereaADg  its  coDvergent  power  withoat  Imut^  it  would  be  cipabk  of 
rendering  itself  microeoopici  and  of  perceiving  aocuntelj  and  distinct] j, 
witboat  artificial  aid,  the  most  minute  objects. 

It  has  been  alreadj  shown  that  the  apparent  magnitude  of  an  object, 
neasnred  by  the  angle  it  subtends  at  the  eye,  yaries  inversely  as  the 
distance  at  which  the  object  is  viewed.  It  therefore  fidlows,  diat  as 
we  approach  an  object,  its  apparent  magnitude  increases  in  the  same 
proportion  as  its  distance  from  the  eye  is  diminished.  Now  if  there 
were  no  circumstance  to  prevent  the  eye  from  seeing  distinctly  an  ob- 
ject at  any  distance,  however  small,  we  could  see  ii  with  any  appaieDt 
magnitude,  however  great,  by  merely  bringing  it  dose  to  the  eye. 
Thus,  if  an  insect  placed  at  six  inches  from  the  eye  be  seen  with  a 
certain  apparent  magnitude,  it  will  be  seen  with  ten  times  that  appa* 
rent  magnitude  at  a  dutance  of  i^ibs  of  an  inch,  and  with  a  hundred 
times  t^  apparent  magnitude  at  the  distance  of  iffths  of  an  indi; 
and  so  on. 

But  while  the  eye  approaches  to  any  object,  the  divergence  of  the 
pencils  of  light  proceeding  from  each  point  of  this  object  and  pass- 
ing tLrough  the  pupil,  increases  exactly  in  the  same  proportion  as  the 
distance  of  the  eye  from  the  object  is  diminished.  At  half  the  dis- 
tance the  pencil  would  have  double  the  divergence,  and  at  one-tenth 
of  the  distance  it  would  have  ten  times  the  divergence ;  and  so  on. 
Now  in  order  to  obtain  distinct  vision  of  an  object,  it  is  not  enough 
that  the  picture  on  the  retina  bo  large.  It  is  necessary  also  that  the 
pencils  proceeding  from  the  various^  points  of  the  object  should  be 
severally  brought  to  a  focus  on  the  retina.  Now  the  more  divergent 
these  pencils  arc,  the  greater  will  be  the  refracting  power  necessary 
to  bring  tbcm  to  a  focus  on  the  retina ;  and  although  the  eye  po&- 
sesscs  the  faculty  of  augmenting  its  refractivo  power,  the  exercise  of 
this  faculty  bus  a  narrow  limit,  and  there  is  accordingly  a  distance 
from  the  eye,  within  which  a  visible  point  being  placed  a  pencil  pro- 
ceeding from  it  cannot  be  made  to  converge  upon  the  retina;  and 
though  an  object  placed  within  such  distance  may  produce  a  large 
image  on  the  retina,  such  image  will  be  so  indistinct  and  confused, 
owing  to  the  pencils  not  coming  to  a  focus,  as  to  afford  no  clear 
perception  of  the  object 

But  if,  by  any  contrivance,  we  could  enable  the  eye,  as  it  approaches 
an  object,  to  increase  its  converging  power  in  the  same  proportion  as 
its  distance  from  the  object  is  diminished,  we  should  then  enable  it  to 
see  such  object  distinctly,  however  diminished  its  distance  from  the 
eye  might  be;  and  we  should  consequently,  by  the  same  means,  obtain 
,a  picture  on  the  retina  at  once  magnified  and  distinct. 

Now  this  object  is  attained  by  the  simple  microscope,  which  is 
nothing  more  than  a  convergent  lens  applied  between  the  eye  and  the 
object,  the  effect  of  which  is  to  cause  the  pencils  of  rays  which  diverge 
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from  ihe  sereral  points  of  tbe  object  to  enter  the  pupil  with  a  deme 
of  diTergence  so  maoh  diminished  as  to  enable  the  eye  to  bring  them 
to  a  focus  on  the  retina.  It  most  be  remembered,  that  a  convergent 
lens  placed  at  a  distance  equal  to  its  focal  length  from  the  focus  of  a 
divergent  pencil  renders  the  rays  of  such  pencil  parallel,  thus  destroy- 
ing altogether  their  divergence. 

1204.  Haw  simple  microscopes  are  adapted  to  different  eyes.  — 
If  such  a  lens  be  applied  at  a  still  less  distance  than  the  focal  length 
from  the  focus  of  a  divergent  pencil,  its  effect  will  be  not  altogether 
to  destroy,  but  merely  to  diminish  the  divergence  of  the  rays  of  the 
pencil. 

Now  some  eyes,  such  as  those  cnWed  far-sightedj  are  adapted  to  the 
reception  of  parallel  rays,  which  they  bring  without  effort  to  a  focus 
on  the  retina.  Others,  called  near-sighted^  are  adapted  to  the  recep- 
tion of  rays  more  or  less  divergent,  which  they  bring  to  a  focus  on 
the  retina.  A  convergent  lens  placed  between  the  eye  and  an  object 
near  it  may,  in  either  case,  be  so  adapted  as  to  bring  the  rays  diverg- 
ing from  the  points  of  such  object  to  a  focus  on  the  retina,  and  there- 
fore to  afford  clear  vision  of  it. 

If  tEe  eye,  for  example,  be  far-sighted^  and  therefore  adapted  to 
the  reception  of  parallel  rays,  the  lens  must  be  held  at  a  distance  from 
the  object  equal  to  its  focal  length,  in  which  case  the  pencils  diverg- 
ing from  the  various  points  of  the  object  will  be  parallel  after  pass- 
ing throngh  the  lens,  and  will  therefore  be  brought  to  a  focus  on  the 
retina. 

If  the  eye  be  near-sighted,  so  as  to  be  adapted  to  rays  more  or  less 
divergent,  then  the  lens  must  be  placed  at  a  distance  from  tbe  object 
less  Uian  its  focal  length,  and  the  distance  must  be  regulated,  which 
it  always  may  be  by  trial,  so  that  the  rays  of  the  pencil,  after  passing 
throogh  it,  shall  have  just  that  degree  of  divergence  which  will  enable 
the  eye  to  bring  them  to  a  focus  on  the  retina. 

The  more  short-sighted  the  eye  is  in  this  case,  the  greater  will  be 
the  divergenoe  with  which  the  rays  will  enter  it,  and  consequently  the 
nearer  to  the  object  the  lens  must  be  brought.  The  apparent  mag- 
nitude, therefore,  of  an  object,  when  seen  through  a  single  converging 
lens,  is  equal  to  the  apparent  magnitude  which  it  would  have  if  the 
eye  coald  view  it  at  the  same  distance  without  the  intervention  of  any 
lens;  and  from  what  has  been  just  explained  it  follows  that  the  same 
lens  will  give  a  greater  apparent  magnitude  to  an  object  to  a  near- 
sighted than  to  a  far-sighted  person,  and  the  more  near-sighted  the 
eye  is,  the  greater  will  be  the  apparent  magnitude  of  the  object  seen 
throogh  the  lens. 

1205.  Magnifying  power  explained, — The  term  magnifying 
power,  as  applied  to  a  microscope,  is  one  which,  in  its  ordinary  appli- 
cation, is  generally  vague  and  uncertain.  It  has  in  all  cases  a  relative 
•igniiioation,  the  object  viewed  being  said  to  be  magnified  or  increased 
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in  magnitude  in  oompariaon  with  the  apparent  maonitada  which  il 
wowluKfe  n  viewed  withont  the  interpoaitioD  of  a  koa.  Bat  ffloea 
tlie  eye  ia  capable  of  obtainioff  diatinot  viaon  of  the  aame  objeet  at 
diffnent  diatanoea,  it  ia  oapaUiB  of  aeeiDg  the  aame  object  with  dif- 
ferent q>paient  magnitudea. 

-  Togiveadi8tiiictmeanin||,therefbreytothetermmagnlfvinffpower| 
it  ia  neoeaaaiy  to  atate  what  la  the  atandard  magmtude  with  which  ^ 
efleot  of  the  lens  ia  to  be  compared. 

Thia  atandaid  ia,  or  onght  to  boi  the  jpreateat  apparent  magnitade 
nnder  which  the  object  ia  capable  of  being  diatincUj  w&enk  bj  an  eje 
withont  the  interpoaition  of  a  lena.  Bnt  hero  a  diranotion  beoomea 
neceasary.  The  greatest  apparent  magaitode  nnder  whidi  a  gtfea 
object  can  be  aeen  bj  one  peraon  ia  not  the  same  aa  the  greateat  appa- 
rent magnitade  nnder  which  it  can  be  aeen  by  another.  The  greateat 
apparent  magnitade  nnder  which  an  object  appeara  to  a  ahori^ri^ited 
eycL  which  can  obtain  a  dear  perception  of  it  when  viewed  at  fiie 
inohea'  diatancei  ia  greater  than  the  ffreatest  apparent  magnitode  nn- 
der which  it  can  be  seen  by  a  lon^-sighted  eye,  which  is  not  capable 
of  obtaining  a  clear  perception  of  it  at  a  less  distance  than  ten  inches. 
It  is  evident,  therefore,  that  the  magnifjring  power  of  a  given'  micro- 
scope applied  to  the  eye  of  the  one  person  will  be  different  from  its 
minifying  power  applied  to  the  eye  of  the  other. 

In  general,  however,  it  may  be  stated  that  the  apparent  magnitude 
of  an  object  seen  through  a  simple  microscope,  is  so  many  times 
greater  than  the  apparent  magnitude  of  the  same  object  seen  at  any 
distance  at  which  distinct  vision  can  be  obtained,  as  the  latter  distance 
is  greater  than  the  distance  of  the  object  from  die  microscope. 

Thus,  if  an  object  which  cannot  be  distinctly  seen  at  a  less  distance 
than  eight  inches  be  made  distinctly  visible  at  the  distance  of  one 
inch  bv  the  interposition  of  a  convergent  lens,  the  magnifying  power 
of  such  lens  to  the  eye  which  thus  views  the  object  is  eight  times, 
inasmuch  as  the  angle  subtended  by  the  object  at  the  distance  of  an 
inch  is  eight  times  that  which  it  would  subtend  at  the  distance  of 
eight  inches. 

1206.  ^Apparent  brightness  is  diminished  as  the  square  of  iht 
magnifying  power  is  increased,  —  What  has  been  stated  respecting 
the  brilliancy  of  a  picture  thrown  upon  a  screen  by  a  magic  lantern, 
is  equally  applicable  to  the  brilliancy  of  the  image  of  an  object 
formed  on  the  retina  cither  by  means  of  the  naked  eye  or  by  the  in- 
terposition of  a  convergent  lens.  The  light  diffused  over  such  a  pic- 
ture can  only  be  thut  which  is  transmitted  from  the  object,  and  it 
follows  that  the  larger  the  picture  the  less,  proportionally,  will  be  its 
brilliancy ;  and  in  this  case  it  must  be  remembered,  that  the  area  of 
the  picture  is  increased  in  proportion  to  the  square  of  the  magnifying 
power  Thus,  if  the  magnifying  power  be  four,  the  height  or  dia- 
flMter  of  the  picture  on  the  retina  formed  by  the  lens  will  be  fonr  i 
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Ae  height  or  diameter  of  the  picture  formed  on  the  retina  wiihont 
the  leD9.  Bat  if  the  height  or  diameter  he  increased  in  a  fbnr-fold 
proportion,  the  area  of  the  picture  will  be  increased  in  a  sixteen-fold 
proportion,  and  the  light  which  was  before  diffused  over  tbe  smaller 
area  will,  by  means  of  the  lens,  be  spread  over  an  area  sixteen  times 
greater,  and  consequently  the  brilliancy  of  the  image  will  be  sixteen 
times  less. 

If  it  be  desired  that  the  magnified  image  of  an  object  produced  by 
a  microscope  should  have  the  same  brilliancy  as  the  object  itself  has 
when  viewed  without  a  microscope,  it  would  be  necessary  to  illumi- 
nate the  object,  when  viewed  through  the  microscope,  with  light  of 
an  intensity  proportional  to  the  square  of  the  magnifying  power. 
Thus,  if  a  magnifying  power  of  four  were  used,  the  imace  cannot 
have  the  same  intensity  of  illumination  as  the  object,  unless  it  be 
iUominated  with  light  of  sixteen  times  the  intensity. 

1207.  Compound  microscope.'-^ With  the  simple  microscope  the 
objeet  itself  is  viewed  directly  by  the  eye,  but  at  a  less  distance  than 
would  be  compatible  with  distinctness  of  vision  without  the  interposi- 
tion of  the  lens.  It  is,  however,  sometimes  necessary  to  submit  to 
microeoc^io  observation  objects  so  minute  that  practical  difficulties 
woold  arise  in  viewing  them  with  simple  lenses  of  sufficienUy  small 
focal  lensth  to  produce  the  requisite  magnifying  effect.  In  such  cases, 
instead  m  submitting  the  object  itself  to  immediate  observation  by 
means  of  the  simple  microscope,  an  optical  image  of  it  is  produced 
by  means  of  convergent  lenses  or  concave  reflectors. 

The  image  thus  formed  may,  according  to  the  principles  already 
established  (Chap.  X.),  be  rendered  larger  in  any  desired  proportion 
than  the  object,  and  may,  therefore,  be  viewed  with  a  simple  micro- 
soope  of  proportionally  less  magnifying  power.  Thus,  for  example, 
if  an  image  of  a  minute  object  be  produced,  having  linear  dimensions 
ten  times  greater  than  those  of  the  object,  and  if  such  image  be 
viewed  by  a  simple  miorosoope  whose  magnifying  power  is  twenty,  the 
object  will,  by  snch  a  combination,  be  magnifi^  two  hundred  tmies ; 
for  the  image  which  forms  the  immediate  object  jof  examination  with 
the  simple  microscope  has  ten  times  the  linear  magnitude  of  the 
objeot,  and  is  itself  magnified  twenty  times  by  the  simple  microscope. 

A  compound  microscope  consists,  then,  of  such  a  combination.  If 
the  image,  which  is  the  immediate  object  of  observation  be  formed 
by  lenses,  the  microscope  is  called  a  compound  refracting  microscope, 
and  if  it  be  formed  by  a  concave  reflector  it  is  called  a  compound 
reflecting  microscope. 

The  form,  dimensions,  and  power  of  compound  microscopes  are 
infinitely  various,  according  to  the  purposes  to  which  they  are  applied, 
to  the  exigencies  of  the  observer  for  whose  use  they  are  intended,  and 
to  the  taste  and  ability  of  their  constructors. 

The  principles  common  to  all  refracting  microscopes,  which  an 
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tebel  lo  mua^f  k  phood.  TIm  dktaiioe  6  o  will  a  little  eneed 
Ae  Iboal  length  of  the  leiiB  b.  An  image  of  o  will  be  firmed  at  0*, 
ihe  fooiifl  oonjagate  to  o.  The  magoitade  of  the  image  at  (/  will  be 
jnet  80  much  greater  than  the  magnitude  of  the  object,  aa  the  dia- 
lanoe  cf  bia  greater  than  the  distance  o  b.  This  image  (/  la  the  imme- 
diate object  of  examination  with  the  simple  microscope  e ;  and  eveiy- 
thins  which  has  been  explained  with  respect  to  the  application  of 
almpie  microscopes  to  magnify  objects  will  be  equally  applicable  to 
the  microscope  e  as  applied  to  the  image  </,  considerea  aa  an  object 
The  lens  b  is  called  the  object-glass^  and  the  lens  e  is  called  the  eje- 
glasB.  In  some  cases,  instead  of  a  single  lens  two  or  more  are  used 
at  6,  so  as  to  form  a  compound  object-glass.  The  lens  b  is  rendered 
aehromatic  in  the  manner  already  explained,  by  constructing  it  of 
two  lenses  having  different  dispersive  powers  and  corresponding  cor* 
tatnree,  as  alrea^  explained. 

The  magni^ng  power  of  the  object-glass  is  generally  increased, 
not  by  increasing  its  curvature,  but  by  combining  together  two  or 
more  lenses  of  equal  magnifying  power,  and  of  equal  opening.  In 
this  way  the  observer  is  enabled  with  great  fitusility  to  vary  the  power 
of  his  microscope  at  pleasure,  according  to  the  magnitude  of  the 
object  he  examines. 

It  is  only  necessary  to  screw  upon  the  end  of  the  microsoope  next 
the  object  one,  two,  or  three  lenses,  so  as  to  increase  the  magnifying 
power. 

In  like  manner  the  eye-glass  e  may  be  varied  in  power  by  com- 
bining different  lenses.  It  is  usual  in  compound  microscopes  to  pro- 
vide several  eye-pieeeSy  as  they  are  called,  having  different  powers ; 
the  eye-piece  biing  the  name  given  to  the  sliding  tube  which  contains 
the  eye-gkss,  and  which  moves  with  the  motion  of  a  telescope  joint^ 
so  aa  to  vary  at  pleasure  its  distance  from  the  image  i/.    These  eye 
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peccs  nsnallj  consist  of  two  plano-convex  lenses  instead  of  a  single 
double  convex  lens. 

It  is  sometimes  conveaient  to  enable  the  observer  looking  in  a  hoii- 
lontal  direction  to  see  an  object  which  is  placed  vertically  below  the 
end  of  the  instmment  This  is  accomplished  by  plaoine  the  great 
tabe  oontaininff  the  object-glass  at  right  angles  to  the  tabe  uong  which 
the  observer  looks,  a  rectangular  prism  being  placed,  as  represented 
at  r,  in  the  angle  formed  hj  the  two  tubes.  This  arrangement  is 
represented  at  r  b\  where  b'  is  the  object-^lafls,  and  (/'  the  object,  and 
r  the  prism  by  which  the  pencils  proceedmg  from  the  object-glass  b' 
are  reflected  at  right  angles,  so  that  the  image  is  formed  at  </. 

It  has  been  already  explained  that  in  all  cases  where  a  distinct 
image  is  required  to  be  formed  by  means  of  a  convergent  lens,  the 
divergence  of  the  pencils  proceeding  from  the  object  must  not  exceed 
Boch  a  limit  as  would  render  the  diameter  of  the  lens  sensibly  differ- 
ent from  the  length  of  a  circular  arc  described  with  the  extreme 
pencils  as  radii,  and  the  point  of  the  object  from  which  the  rays 
diverge  as  a  centre.  Consequently  it  follows  that  in  all  cases  the 
diameter  of  the  lens  must  bear  a  veiy  small  proportion  to  the  distance 
of  the  object  from  it. 

Now,  since  in  microscopes  of  every  kind  where  an  eye-piece  is  used 
the  focal  length  of  the  lens  itself,  if  it  be  a  simple  microscope,  and  of 
the  objeo^^lass,  if  it  be  a  compound  microscope,  is  extremely  short,  and 
the  distance  of  the  object  from  the  lens  very  small,  it  follows  that, 
according  to  the  principle  just  explained,  the  diameter  of  such  lenses 
most  be  also  extremely  small,  since  their  diameters  must  bear  an  in- 
considerable proportion  to  such  distance,  and  the  higher  the  magnify- 
ing power,  the  smaller  must  be  the  diameter  of  the  lens.  Thus  tho 
diameter  of  such  lenses  used  for  the  object-classes  of  compound  micro- 
ioopes  do  net  exceed  in  eeneral  a  small  fraction  of  an  inch.  The 
nme  observation  is  applicable  to  the  reflectors  or  specula  used  to  form 
the  image  in  reflecting  microscopes. 

1208.  Compound  umversal  microscope  of  CkarUi  Chevalier.  — 
It  wonld  not  be  compatible  with  the  object  of  this  volume  to  enter 
into  any  detailed  description  of  the  various  forms  of  compound  micro 
scopes.  It  may  be  useful,  however,  to  indicate  the  arrangement « 
adopted  in  one  as  an  example.  For  this  purpose  I  shall  here  briefly 
deseribe  the  form  of  microscope  oonstructed  by  Mr.  Charles  Cheva- 
lier,  and  called  from  its  general  utility  the  Universal  Microscope.       i 

This  instmment  is  represented  in  ^g,  384.  The  object-glass  is  at 
T,  and  the  eye-piece  at  s.  The  rectangular  prism  hj  which  the  pen- 
cils are  turned  along  the  horiiontal  tube  is  at  y.  The  object^luses 
eoDsistctf  three  achromatic  lenses,  whose  focal  lengths  vaiy  from  three- 
ISBtha  to  ibaiMbenUis  of  an  inch.  These  lenses  are  constmoted  with 
10  as  to  be  successively  screwed  upon  the  end  T  of  the  tube 
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Bij  m^  be  us<^  eeparatel;  ot  (og^thcr^  according  to  the  magmfy- 
iqg  power  required. 
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Fig.  384. 

The  iiustniment  is  nsually  provided  with  six  eye-pieces ;  the  fint 
four  are  eonstmcted  upon  the  same  priDciple,  each  being  composed 
of  two  plano-conyex  lenses,  whose  convexities  are  tamed  towards  the 
image.  The  two  others  are  simple  converging  lenses  of  short  focus, 
z  is  a  stage  provided  to  receive  the  slider  on  which  the  object  to  be 
examined  is  placed.  This  stage  can  be  moved  gradually  by  an  ad- 
justing screw  o,  upwards  and  downwards  on  a  square  vertical  rod  p  o, 
so  as  to  vary  its  distance  from  the  object-glass  T.  The  observer  look- 
ing through  the  eye-piece  s,  places  his  right  hand  upon  the  screw  o,  and 
turns  it  in  the  one  direction  or  the  other,  until  he  brings  the  object 
to  the  focus,  the  final  adjustment  being  made  by  a  fine  micrometrio 
bcrew  Q,  wluoh  gives  a  dower  motion  to  the  stage  than  can  be  im- 
parted to  it  by  me  screw  o. 

If  the  object  be  transparent,  it  is  illuminated  by  a  concave  mirror 
B,  which  is  capable  of  being  adjusted  at  such  an  angle  with  reference 
to  the  lieht  as  to  throw  the  illumination  directly  upon  the  object  by 
meaoB  or  a  horisontal  axis  K,  on  which  the  reflector  H  turns,  and  the 
lulaiiiity  of  the  iUmmBataioii  may  be  varied  by  moving  the  refleetar 
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fertically  upon  the  bar  p  g  by  means  of  a  screw  N^  which  works  in  a 
nek  behind  the  bar  and  carries  with  it  the  frame  L,  by  which  the 
minor  is  sustained.  In  this  manner  the  reflector  may  be  made  to 
approach  to  or  recede  from  the  slider  which  supports  the  object,  and 
the  light  thrown  upon  it  may  be  accordingly  rendered  more  or  less 
intense. 

K  the  instrument  be  used  in  the  day-time  it  will  be  conyenient  to 
place  it  upon  a  table  near  a  window,  so  that  the  light  from  the  clouds 
may  be  received  upon  the  reflector  h.  If  it  be  used  at  night,  a  lamp 
or  candle  placed  at  a  convenient  height  in  front  of  the  instrument  will 
form  a  sufficient  illumination. 

In  order  to  intercept  all  lisht  proceeding  from  the  reflector  H,  except 
that  which  fells  upon  the  object,  a  circular  movable  stage  is  placed 
beneath  the  stagp  z,  which  supports  the  object,  and  pierced  by  a  num- 
ber of  holes  of  mfferent  magnitudes,  which,  being  brought  successively 
nnder  the  object,  regulate  me  quantity  of  Ught  reflect^  from  h  which 
18  transmitted  to  the  object. 

The  focus  is  determined  by  the  adjustment  with  the  screw  o,  and 
ttill  more  accurately  by  the  micrometer  screw. 

When  it  is  reouired  to  view  opaque  objects,  they  are  usually  placed 
upon  a  blackened  glass  laid  upon  uie  slide  z,  and  are  illuminated  by 
another  lens  or  reflector  attached  to  the  side  of  the  slide  z. 

When  high  magnifying  powers  are  used,  so  that  only  a  part  of  a 
minute  object  can  be  seen  at  one  time  in  the  field  of  view,  it  is  dea- 
lable  to  be  enabled  to  move  the  object  slowly  under  the  microscopci 
80  as  to  bring  all  its  parts  successively  under  examination.  To  do 
this  by  moving  the  slide  with  the  hand  is  impracticable,  for  the  motion 
being  magnified  in  the  same  proportion  as  the  object,  a  movement  of 
the  huxd  which  is  imperceptible  will  throw  the  object  completely  out 
of  the  field.  To  enable,  therefore,  the  observer  to  move  the  object 
io  as  to  bring  all  its  parts  successively  into  view,  and  to  keep  any  part 
ileadily  nndar  examination,  two  micrometer  screws  under  the  stage  s 
tte  provided :  the  first  moves  the  object  backwards  and  forwards  to 
or  from  the  observer,  and  the  second  moves  it  laterally  right  and  left. 
Bj  the  combination  of  these  two  motions  every  possible  position  can 
be  given  to  the  object 

To  keep  the  eye  of  the  observer  undisturbed  by  extraneous  light, 
a  lurgjd  oinmlar  screen  s'  s'  is  placed  between  the  socket  of  the  eye- 
piece and  the  end  of  the  instrument  By  this  means  the  observer  is 
not  under  the  necessity  of  closing  that  eye  which  is  not  directed  to 
the  eye-piece. 

1209.  JSdaptaHon  of  the  camera  hudda  to  the  wueroscope,  —  The 
adaptation  of  the  camera  ludda  to  this  instrument  has  greatly  ex- 
tended its  interest  and  utility.  The  instrument  is  attached  to  the  eye- 
pieoe  B,  so  that  when  the  observer  looks  upon  it  he  sees,  by  the  re> 
fleotion  of  the  prism,  a  sheet  of  paper  placed  verticMlj  vndor  the 
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§ij9hjfkm  OB  a  table  Iwfon  him,  and  he  eeee  direetij  the  tmage  oftiM 
■MnMed  oljeot  prqjeeted  upon  the  paper.  In  thb  manner  he  k 
emAled  to  make  a  tnoing  of  the  dtgeot,  as  already  deaoribed  in  the 
applieatioB  of  the  oamera  ludda. 

1210.  Method  of  deUnmnmM  the  magmfying  vomer.  — To  deter- 
mine the  magnif  jing  power  of  &e  inetromenL  a  dide  ia  provided|  of 
Hhe  fenn  repreaentMl  in  J^.  886.|  upon  whidi  ia  engraTOl  a  mioo- 


Fig.  386. 

meter  ecale,  made  to  the  ri^th  part  of  a  millimetre^  which  ia  equiva- 
lent to  the  i^th  part  of  an  inch.  There  are  nsoallj  ten  of  these 
divisions  engraved  upon  the  slider,  the  entire  len^h  of  which  is  there- 
fore the  flvth  part  of  an  inch.  This  slide  being  placed  upon  the 
stage,  a  camera  Incida,  constructed  upon  the  principle  of  ibnici,  is 
attached  to  the  eye-piece  o,^.  885.,  the  effect  of  which  is  that  the 
eje  sees  a  magnified  image  of  the  scale  projected  upon  a  sheet  of  paper 
A  spread  upon  the  table  under  the  hand  of  the  observer.  A  divided 
scale  being  applied  to  this  magnified  image,  the  length  of  the  mag- 
nified divisions  may  be  at  once  compared  with  the  £visions  on  the 
divided  scale,  which  are  seen  direcUv  without  being  magnified.  The 
arrangement  by  which  this  is  scoomplishcd  is  represented  in  J^.  385., 
where  p  represents  the  eye,  b  a  metallic  speculum  applied  at  an  angle 
of  45^  with  the  line  of  vision,  and  having  a  hole  pierced  in  its  cen- 
tre, through  which  the  eye-piece  and  the  magnified  image  of  the  scale, 
Jig,  886.,  are  seen.  At  the  same  time  the  eye  sees  by  reflection,  in 
the  speculnm  B,  the  sheet  of  paper  A,  upon  which  a  scale  is  placed 
at  0',  parallel  to,  and  coincident  with,  the  image  of  the  scale,  Jf^. 
886.,  which  is  also  seen  projected  on  the  paper.  By  comparing  ^e 
divisions  of  the  image  of  the  scale, 7?^.  886.,  seen  magnified,  with  the 
image  of  the  divisions  of  the  scale  on  the  paper  A,  seen  by  reflection 
without  being  magnified,  the  magnifying  power  can  be  immediatelj 
aipertained 
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The  magnifying  power  being  thus  ascertained,  the  real  dimensions  of 
my  object  viewed  trough  the  microscope  can  be  easily  measured.  For 
thu  purpose^  let  a  system  of  parallel  lines  be  described  upon  the  paper 

A,  at  right  angles  to  each  other  as  represented  at  a',  so  that  Uie  dis- 
tance between  them  shall  correspond  to  any  fraction  of  an  inch,  such 
as  the  2000th  part,  as  ascertained  by  the  method  just  explained. 

When  the  magnified  image  of  a  minute  object  is  seen  projected 
upon  the  paper  upon  which  this  rectangular  scale  is  drawn,  the  dimen- 
sions of  Uie  object  can  be  determined  by  inspection,  by  merely  ob- 
aening  how  many  squares  of  the  rectangular  scale  the  imago  occupies. 

The  details  of  the  microscope  represented  in^.  884.,  present 
many  practical  conveniences  to  the  general  microscopic  observer. 

When  it  is  desirable  to  present  the  main  tube  r  directly  upon  the 
object  without  reflection  by  the  rectangular  prism  v,  the  elbow  tube 
which  contains  this  prism  can  be  detached  both  from  the  main  tube 

B,  and  from  the  tube  x,  which  bears  the  object-glas?,  being  attached 
to  them  by  bayonet  joints.  The  tube  x  is  then  inserted  in  the  main 
tube  R  of  the  instrument,  so  as  to  form  a  compound  microscope,  in 
which  the  pencils  refracted  by  the  objcct>glass  y  will  proceed  directly 
to  the  eye-piece  s.  The  body  of  the  microscope  r  turns  upon  a  joint 
at  Cy  so  that  it  can  be  moved  through  a  right  angle,  so  as  to  be  applied 
in  a  vertical  position,  and  to  enable  the  observer  to  look  vertically 
downwards  on  the  stage  z,  which  supports  the  object. 

The  instrument  can  also  be  applied  at  any  required  angle  with  the 
vertical.  To  accomplish  this,  it  is  only  necessary  to  loosen  the  screw 
0,  by  which  the  straight  bar  p  o  is  held  in  the  vertical  position. 
When  this  is  done,  the  bar  P  o,  carrying  the  reflector  H  and  the  stage 
Zf  can  be  turned  at  any  angle  with  the  pillar  o  0  by  means  of  the 
pivot  E|  upon  which  the  entire  instrument,  including  the  body  of  the 
mieroaoope  and  the  bar  p  o,  turns  with  a  common  motion.  The  pivot 
works  so  stiflSy,  and  the  weight  of  the  instrument  is  so  equallv 
balanced  upon  it,  that  it  will  rest  at  any  required  angle  with  the  vertical. 

By  means  of  the  two  pivots  e  and  e,  the  bar  p  o,  and  the  body  of 
the  instrument  r,  can  be  brought  into  a  horizontal  direction,  so  that 
the  stage  z  shall  be  vertical  and  opposite  to  the  object-glass  of  the 
microscope,  the  axis  of  which  is  horizontal.  Proper  holders  are  pro- 
vided on  tlie  stage  to  keep  the  sliders  in  their  position  upon  it,  at 
.whatever  angle  it  may  be  applied  with  the  vertical. 

The  entire  instrument  is  screwed  at  o  upon  its  own  case  o  a,  in 
which  is  a  drawer,  B,  properly  constructed  to  receive  it  and  all  its  ac- 
cessories. 

1211.  Solar  microscope.  —  This  instrument  partakes  of  the  cha* 
racter  of  a  magic  lantern  and  a  compound  microscope.  Light  pro- 
ceeding directly  from  the  sun  is  received  upon  a  plane  mirror,  and 
nflectod  by  it  into  the  tube  of  the  instrument,  where  it  is  received 
upon  a  large  convergent  lens  called  the  illuminating  lens.     By  thi^ 
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ItBf  ike  nji  «ro  made  to  wufermb  to  a  feeo^  bmv  vUdi  iktj  m 
noeiTed  upon  the  minute  objeet  which  it  is  desind  to  oihiliiL  ia 
thii  manner,  the  lioht  thrown  upon  the  object  ia  jnat  ao  smeh  mm 
iatenae  than  that  mich  it  would  loeeiTe  dueetlr  from  the  ami,  aa  the 
aiea  of  the  illuminating  lena  ia  oreator  than  the  ana  d  the  ohgeok 
The  objeet  being  thua  uluminated,  a  masnifying  lena  ia  applied  belbie 
It  at  a  diatanoe  greater  than  the  Iboal  length;  and  an  image  ia  ao- 
eordingly  formed  of  the  objeet  at  the  other  aide  of  thia  leu,  iduoh 
image  ia  greater  than  the  olijeot  in  the  aame  proportion  aa  ita  dialanee 
from  the  magnif jing  lena  ia  greater  than  tM  diatenoo  of  the  objeet 
from  it  A  white  aoreen  being  properly  annended  at  the  neoaaaur 
diatanoe  from  the  magnifying  kin,  leooiTea  tne  image,  upoQ  which  tf 
ia  aeen  in  the  aame  manner  aa  in  die  caae  of  the  magie  Imitem. 

It  ia  erident  that  auch  objeota  onlj  can  be  exhibited  in  thia  inatnh 
aMut  aa  axe  natorallj  tranaparant,  or  auoh  aa  may  be  rendered  ao. 
If  opaque  objeota  are  exhibited,  nothinff  appeara  upon  the  aoroen  ea- 
eept  a  giguitio  iiVumeUe  or  profile  of  their  mnn. 

Such  an  inatniment  could  only  be  exhibited  in  the  day-time,  and 
when  the  sun  is  unclouded.  Ita  application,  however,  has  recently 
been  rendered  more  convenient  and  extensive  by  adapting  it  to  artificial 
light  called  the  Dnimmond  light.  Instead  of  the  aolar  rays,  a  small 
cylinder  of  lime  rendered  incandescent  by  the  oxyhydrogen  blow-pipe 
is  applied  behind  the  illuminating  lens  in  such  a  position  that  ita 
light  is  brought  to  a  focus  upon  we  object  to  be  exhibited,  and  the 
aame  effect  is  thereby  produced  as  with  sun-light  Several  successful 
attempts  have  been  still  more  recently  made  to  apply  the  electric 
light  to  this  instrument 

1212.  The  telescope.  —  What  the  compound  microecope  is  to 
minute  and  near  objects,  the  telescope  is  to  distant  objects.  The 
principle  in  both  instruments  is  the  same,  the  details  of  its  application 
alone  being  different  In  the  telescope,  however,  as  the  objects  to 
which  it  is  directed  are  always  at  a  considerable  distance  from  the 
object-glass,  and  generally  at  a  distance  which  may  be  considered  in- 
finite as  compared  with  any  possible  magnitude  of  that  lens,  it  is  pos- 
sible to  give  the  object-glass  any  desired  magnitude  without  producing 
auch  spherical  aberration  as  would  render  the  image  indistinct  In 
fine,  the  objects  to  which  a  telescope  is  directed  being  at  distances  in- 
comparably greater  than  the  diameter  of  the  object-gkss,  their  images 
will  always  be  formed  at  a  distance  from  such  lens  equal  to  its  focal 
length.  The  pencils  which  proceed  from  the  extreme  limits  of  the 
object  passing  through  the  centre  of  the  object-glass,  and  interesect- 
ing  there,  are  continued  to  the  corresponding  extreme  limits  of  the 
image  which  is  formed  in  an  inverted  position  with  respect  to  the  ob- 
ject at  a  distance  from  the  object-glass  equal  to  its  focal  length. 

This  image  therefore  subtends,  at  the  centre  of  the  objeot-glaai^  an 
MOgle  equal  to  that  which  the  object  subtends  at  the  wme jMunt     If 
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VB  im«gSnft  that  an  eye  be  placed  at  the  centre  of  the  object-glass,  tho 
^>parent  magnitude  of  the  image  seen  from  that  point  would  be  equal 
to  the  apparent  magnitude  of  the  object. 

The  image  which  is  thus  formed  at  the  focus  of  the  object-class  is, 
as  in  the  case  of  the  compound  microscope,  viewed  by  the  observer 
with  a  simple  convergent  lens,  called  as  in  the  compound  microscope 
the  eye-glass.  All  the  observations  which  have  been  made  in  rela- 
tion to  the  eye-piece  of  the  compound  microscope  are  equally  appli« 
cable  to  the  eye-piece  of  the  telescope,  which  performs  precisely  the 
nme  functions  in  relation  to  the  image  formed  at  tho  focus  of  tho 
object-glass  as  the  eye-piece  of  a  compound  microscope  with  respect  to 
the  image  formed  in  the  focus  of  the  object-glass  of  that  instrument. 

Telescopes  differ  from  each  other  in  the  details  of  their  construe* 
tion,  according  as  the  images  of  the  different  objects  are  produced  by 
object-glasses  or  by  concave  reflectors.  In  this  respect  telescopes, 
like  mioroscopes,  consist  of  two  classes,  reflecting  telescopes  and  re- 
fracting telescopes.  They  are  also  classed  in  relation  to  the  objects 
to  the  vision  of  which  they  are  directed ;  those  which  are  used  for  as- 
tronomical purposes  being  called  astronomical  telescopes^  and  those 
which  are  used  for  observing  objects  at  less  distance  on  the  surface  of 
the  earth  being  called  terrestrial  telescopes. 

In  this  last  class  it  is  important  that  the  object  should  be  seen 
erect,  which  it  would  not  be  if  the  image  formed  by  the  object-glass 
were  the  immediate  subject  of  observation  by  the  eye-glass ;  such  image 
being,  as  already  explained,  always  inverted.  An  expedient,  however, 
is  adopted  in  one  class  of  telescopes,  as  will  be  presently  explained, 
by  which  thb  inconvenience  is  removed  without  the  introduction  of 
additional  lenses. 

Having  thus  explained  the  general  properties  upon  which  telescopes 

are  constructed,  we  shall  briefly  explain  the  different  kinds  of  telescopes. 

1213.    The    Gregorian    reflecting    telescope.  —  A    longitudinal 

section  of  this  instrument  is  represented  in^.  387.    a  b  is  a  large 


Fig.  387. 

concave  speculum  formed  of  an  alloy  of  metals  adapted  to  receive  a 
high  polish.  A  circular  aperture  is  made  in  the  centre,  so  that  the 
rraecting  portion  of  the  speculum  is  that  part  only  which  is  outside 

681 


hf  ikt  JltipJSlTdrTwwii^'lL  1^  brttth » ■«> ■!  *■■■  I 
1214.  €jms§egrmm'i  re/Ueiimg  ielesetfe.  —  A  kngitacKiiil 


Fig.  3S8. 

of  this  instniment  is  giTen  in  fig.  388.  Its  details  ire  in  ill  respects 
nmilir  to  the  Gregorim  reflector,  except  thit  the  second  speculum  c  D 
is  convex  instead  of  being  concave,  and  receives  the  pencils  proceed- 
ing from  A  B  before  they  come  to  a  focus.  It  turns  them  back  to- 
wiurds  the  eje-piece,  where  an  image  is  formed,  as  in  the  former  case. 
1215.  The  ^ewUmian  reflecting  telescope, — A  longitudinal  section 
of  this  instrument  is  represented  in  flg,  389.,  where  a  B  is  the  great 


Fig.  389. 

i^>eculnm  which  would  form  an  image  of  the  object  it  m  n  in  its  prin- 
aiKti  fboos. 
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But  the  pencils,  before  they  arriye  at  that  point,  being  received 
upon  a  plane  reflector  o  D  placed  at  an  angle  of  45^  with  the  axis  of 
the  telescope,  the  image  is  formed  at  m'  n'  in  a  lateral  tube  inserted 
in  the  great  tabe,  where  it  is  viewed  bj  an  eye-piece,  as  before  ex- 
plained. In  this  case  the  open  end  a  of  the  great  tube  is  directed 
towards  the  object,  and  the  observer  examines  the  object  by  looking 
in  ml  the  side  of  the  telescope  in  a  direction  at  right  angles  to  its 
leneth. 

ui  all  these  cases,  the  central  rays  of  the  pencils  directed  upon  the 
great  specalam  are  lost  In  the  Gregorian  and  Cassegrain,  the  central 
portion  of  the  speculum  is  removed,  and  in  the  Newtonian  telescope 
the  central  rays  are  intercepted  by  the  plane  reflector  o  D. 

1216.  HerseheVs  telescope, — The  form  of  reflecting  telescope  which 
has  attained  by  far  the  greatest  celebrity  of  any  that  have  been  hitherto 
constructed,  is  that  which  was  erected  by  Sir  W.  Herschel,  and  used 
by  him  wiUi  such  signal  success,  as  to  render  his  name  memorable  in 
the  history  of  astronomical  science.  Herschel,  after  having  constructed 
a  great  number  of  reflecting  telescopes  on  the  Newtonian  principle, 
varying  from  seven  to  twenty  feet  in  length,  aided  by  the  patronage 
of  Geom  III.,  completed  in  1789  his  celebrated  telescope,  forty  feet 
in  length,  by  which,  on  the  very  day  it  was  completed,  he  discovered 
the  sixth  satellite  of  Saturn.  The  great  speculum  of  this  telescope 
measured  nearly  fifty  inches  in  diameter,  its  thickness  being  three 
inches  and  a  half,  and  its  weight  about  a  ton.  The  open  end  of  the 
telescope  being  directed  to  the  point  of  the  heavens  under  observation, 
and  the  speculum  being  fixed  at  its  lower  end,  the  observer  is  sus- 
pended in  a  chair,  so  as  to  be  able  to  look  over  the  lowest  part  of  the 
edge  of  the  opening.  The  speculum  being  a  little  inclined  to  the 
axis  of  the  tube,  the  image  is  formed  near  the  lowest  point  of  the  edge 
of  the  opening,  where  it  is  viewed  by  the  observer  with  proper  eye- 
jneces. 

The  quantity  of  light  obtained  by  this  prodigious  speculum  enabled 
Sir  W.  Herschel  to  use  magnifying  powers  which  greatly  exceeded 
any  which  before  his  time  h»i  been  applied.  He  was  thus  enabled, 
m  examining  the  fixed  stars,  to  apply  in  some  cases  a  magnifying 
power  of  6450. 

1217.  The  Galilean  telescope, —  Opera^glass.  —  This  telescope, 
which  takes  its  name  from  Galileo,  by  whom  it  was  first  used,  is  a 
refracting  telescope,  the  principle  of  which  is  represented  in  Jf^.  390. 


Fig.  390. 
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4BMUieolg«el-glaaB,  inUiepniifliDilfiNniscf  wbkliy  i^an  inrwlad 
image  oftheobjeotwoold  be  ranned;  but  before  ike  penoils  anive  il 
this  iKunt^  they  are  xeoeived  by  a  diTargent  leni  o  D,  whichy  deetroj- 
ing  their  oonTeigenoe^  caoees  them  to  enter  the  eye  parallel,  aa  they 
would  if  they  proceeded  from  an  ol^jeot  at  a  comddenble  distance. 

The  genenl  direction  of  the  azea  of  the  pendlfy  howeVeiv  is  not 
cihanged,  and  the  eye  consequently  xeoeiTes  trom  as  if  they  had  pro- 
ceeds from  an  object  at  the  same  distance  from  the  eye  as  the  image 
m  R  is  from  the  eye-glass  o  d.  The  apparent  magnitude,  therefore, 
of  the  object,  as  seen  with  the  eye-elass  0  D,  is  measured  by  the  angle 
which  the  image  m  n  subtends  at  the  centre  of  the  lens  o  D;  and  Um 
apparent  magnitude  of  the  object  as  seen  directly  is  ecjual  to  the 
angle  which  the  same  image  subtends  at  the  centre  of  the  object- 

glMSV- 

If,  therefiire,  we  diyide  the  focal  length  of  the  otjeot-^aas  by  the 
distaiice  <rf  the  eye-glass  fit)m  the  image,  we  shall  then  obtain  the 
nutfni^ring  power. 

Let  us  suppose,  for  example,  that  the  focal  length  of  the  object- 
glass  is  fifty  inches,  that  the  focal  length  of  the  eye-glass  is  one  inch, 
and  that  the  eye  of  the  observer  is  adapted  to  the  reception  of  parallel 
rays.  In  this  case,  the  focal  length  of  the  object-glass  will  be  fif^ 
times  the  distance  of  the  eye-glass  from  the  image,  and  the  telescope 
will  magnify  accordingly  fifty  times.  But  if  the  eye  of  the  observer 
be  adapted  to  the  reception  of  diverging  rays,  then  the  eye-glass  0  D 
mast  be  removed  further  from  the  imago  than  its  focal  length,  and, 
consequently,  the  magnifying  power  will  be  less  than  it  would  be  for 
an  eye  adapted  to  parallel  rays;  and  if,  on  the  contrary,  the  eye 
of  tho  observer  be  adapted  to  converging  rays,  the  eye-glass  must  be 
moved  near  to  the  image,  and  the  magnifying  power  will  be  greater. 

In  all  cases,  the  distance  of  the  eye-glass  from  the  object-glass  is 
equal  to  the  difference  between  their  food  lengths  for  eyes  adapted  to 
parallel  rays.  It  is  a  little  less  for  short-sighted,  and  a  little  more  for 
long-sighted  eyes. 

This  form  of  telescope  has  long  been  disused  for  all  purposes  where 
very  distant  objects  are  observed.  It  is,  however,  still  continued  with 
^reat  convenience  where  the  objects  of  observation  are  nearer,  as 
m  the  case  of  opera-glasses,  which  are  nothing  more  than  Galilean 
telescopes. 

These  instruments  have  lately  been  mounted  in  pairs,  so  as  to 
enable  the  spectator  to  use  both  his  eyes,  as  with  spectacles. 

1218.  The  astronomical  telescope.  —  This  is  the  name  given  to  a 
refracting  telescope,  consisting  of  two  convergent  lenses,  one  used  as 
an  object-lens,  to  form  an  image  of  the  object  to  be  observed,  and  the 
other  as  a  simple  microscope,  to  examine  this  image.  The  principle 
of  this  instrument  has  Deen  already  sufficiently  expkined  in  the  case 
of  the  compound  microscope,  from  which  it  differs  in  nothing  but  in 
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the  proportion  of  its  part«.     k  By  fig.  391.^  is  the  object-glass;  in 
iDTerted  image  mnoi  the  object  m  n  is  formed  at  its  focus. 


Fig.  391. 

This  image  is  viewed  by  the  ey&-piccc  o  d,  which  for  eyes  adapted 
to  parallel  rays  is  placed  at  a  distance  from  m  n  equal  to  its  focal 
length.  The  image  m  n  is  seen  under  an  angle  equal  to  that  which  it 
subtends  at  the  centre  of  the  eye -glass  c  D,  and  its  apparent  magni- 
tude being  equal  to  the  angle  which  it  subtends  at  the  centre  of  the 
object-glass  a  b,  it  follows  that  the  magnifjring  power  of  the  instru- 
ment 18  found  by  dividing  the  focal  length  of  the  object-glass  by 
the  focal  length  of  the  eye-glass.  The  image,  as  seen  in  this  instru- 
ment, is  always  inverted  with  respect  to  the  object ;  but  as  it  is  used 
for  astronomical  purposes,  this  is  unimportant. 

1219.  Terrestrial  telescope.  —  When  the  telescope  described  above 
is  applied  to  terrestrial  objects,  it  exhibits  them  inverted.  This  is 
eoTKcted  by  interposing  between  the  eye  and  the  image  other  lenses, 
by  which  a  second  image  is  formed,  inverted  with  respect  to  the  first, 
and  therefore  erect  wiUi  respect  to  the  object.  This  arrangement  is 
represented  in  fig,  392.,  where  a  b  is  the  object  and  m  n  the  first  in- 
vented image.     A  convergent  lens  o  d  is  placed  before  this  image,  at 


Fig.  392. 

a  distuice  equal  to  its  focal  length ;  consequently,  the  pencils  proceea- 
ing  from  m  n,  after  passing  through  c  D,  will  emerge  with  their  rays 
parallel.  These  pencils  are  received  by  another  converging  lens  of 
equal  focal  length  E  F,  by  which  they  are  acain  rendered  convergent, 
and  are  made  to  form  the  image  m'  n\  which  is  inverted  with  respect 
to  miv  and  erect  with  respect  to  the  object  This  image  m'n'  li 
Tiewed  by  the  eye-glass  Q  u  in  the  usual  manner. 

The  eye-pieces  of  telescopes,  like  those  of  microscopes,  do  not  ne* 
oeasarily  consist  of  a  single  lens,  but  are  frequently  composed  of  two. 
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The  objeet-gkfli^  as  well  u  the  other  lenses  composiDg  refracting  tek- 
jcopes,  are  usually  constructed  so  as  to  be  achromatic,  npon  the  m> 
ciple  already  explained  in  Chap.  XIII. 
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CHAP.  XVI. 

THEORIES  OF  LIGHT. 

^  1220.  Ordinary  reflection  and  refraction  explicable  independently 
of  theories.  —  The  optical  phenomena  attending  ordinary  reflection 
and  refraction,  which  have  formed  the  subjects  of  the  preceding  chap- 
ters, have  been  explained  without  reference  to  any  hypothesis  or  th^ 
ory.  They  have  been  deduced  directly  from  experiments,  the  results 
of  which  are  so  8imple  and  obvimis,  that  the  laws  which  prevail 
among  thcni  hfivc  been  rendered  evident  without  reference  to  theore- 
tical considerations. 

Other  phenomena,  however,  will  now  have  to  bo  examined,  in 
which  the  smic  simplicify  does  not  prevail,  and  which  do  not  admit 
of  bt'inp  explained  or  reduced  to  general  laws  without  the  occaf»ioDal 
use  of  language  derived  from  one  or  other  of  the  theories  respecting 
the  nature  of  light  which  have  been  imagined  by  scientific  inquirers. 
12*J1.  Two  theories  of  light.  —  We  shall  therefore  now  explain 
briefly  those  theories  or  hypotheses  which  have  been  proposed  re- 
specting the  nature  of  light,  for  the  purpose  of  explaining  the  phe- 
nomena of  optics. 

It  has  l>een  already  stated  that  the  scientific  world  for  ages  has  been 
more  or  less  divided  by  two  theories  or  hypotheses  concerning  the  na- 
ture of  light,  one  of  which  is  known  as  the  corpuscular  theory,  or 
the  theory  of  emission,  and  the  other  as  the  undulatory  theory,  or 
the  theory  of  undulation. 

1222.  Corpuscular  theory.  —  In  the  corpuscular  theory,  which 

was  adopted  by  Newton  as  the  basis  of  his  optical  inquiries^  light  is 

considered  as  a  material  substance,  consisting  of  infinitely  minute 

molecules  which  issue  from  luminous  bodies  and  pass  through  space 

*ith  prodigious  velocities.     Thus,  in  this  hypothesis,  the  sun  is  re- 

as  a  source  from  which  such  molecules  or  corpuscles  proceed 

direction,  with  such  a  velocity  that  they  pass  from  that  lumi- 

He  earth,  over  a  distance  of  ninety-five  millions  of  miles,  in 

it  minutes  and  thirteen  seconds. 

imense  velocity  with  which  they  are  endued,  amounting  to 
•o  kandred  thousand  miles  per  second,  united  with  the  fact 
I  ^  dbseratkia,  that  the j  do  not  impress  with  the  sb'ghtest 
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momentam  the  Ughteflt  objects  irhich  they  strike,  render  it  necessary 
to  suppose  that  they  are  so  minute  as  to  be  altogether  destitute  of 
inertia  or  gravity.  The  strongest  beam  of  sunlight  acting  upon  the 
most  delicate  substance,  upon  the  fibres  of  silk  or  the  web  of  the 
spider,  or  upon  gold-leaf,  does  not  impress  upon  them  the  slightest 
perceptible  motion.  Now,  in  order  that  a  particle  of  matter  endued 
with  a  Telocity  so  great  should  have  no  perceptible  momentum,  it  is 
necessary  to  suppose  it  to  be  almost  infinitely  minute. 

But  this  minuteness  requires  to  be  admitted  to  a  still  greater  ex- 
tent, when  it  is  considered  that  particle  after  particle  striking  upon 
bodies  so  light,  even  after  the  communication  of  their  forces,  impart 
to  them  no  perceptible  motion. 

1223.  Diference  of  colour  explained,  —  In  this  system  the  dif- 
ference of  colour  which  prevails  among  the  different  homogeneous 
lightSi  the  combination  of  which  constitutes  solar  light,  is  ascribed  to 
difibrent  velocities. 

Thus  the  sensation  of  red  is  produced  by  luminous  molecules 
inimAted  by  one  velocity,  orange  by  another,  blue  by  another,  and  so 
on. 

1224.  Laws  of  refraction  and  reflection  explained.  —  The  law 
which  renders  the  sngle  of  reflection  equal  to  the  angle  of  incidence, 
is  explained  by  supposing  such  molecules  to  have  perfect  elasticity. 
The  law  of  refraction  is  explained  by  supposing  that  such  molecules 
are  subject  to  an  attraction  towards  the  perpendicular  when  they 
enter  a  denser,  and  by  a  repulsion  from  it  when  they  enter  a  rarer 
medium. 

1225.  Undulalory  theory,  —  In  the  undulatory  theory  which  was 
adopted  by  Uuygcns,  aud  after  him  by  most  continental  philosophers, 
light  is  regarded  as  in  all  respects  analogous  to  sound. 

The  luminous  body  in  this  system  docs  not  transmit  any  matter 
through  space  any  more  than  a  bell  transmits  matter  when  it  sounds. 
The  luminous  body  is  rcgnrdcd  as  a  centre  of  vibration ;  but  in  order 
to  explain  the  transmission  of  this  vibration  through  space,  the 
existence  of  a  subtle  fluid  is  assumed,  which  plays,  with  regard  to 
light,  nearly  the  same  part  as  the  atmosphere  plug's  with  regard  to 
sound.  The  sun  in  this  theor}',  then,  is  a  centre  of  vibration,  and  the 
spaoo  which  surrounds  him  being  filled  with  an  atmosphere  of  this 
subtle  fluid,  transmits  this  vibration  exactly  as  the  atmosphere  trans- 
mits the  vibration  of  a  sounding  body. 

1226.  Th€  luminous  ether.  —  This  hypothetical  fluid  has  received 
the  name  of  ether.  It  is  supposed  not  only  to  fill  all  the  vacant 
naoea  of  the  universe  which  are  unoccupied  by  bodies,  but  also  to  fill 
the  interstices  which  exist  between  the  component  parts  of  bodies. 
Thus  it  is  not  only  mingled  with  the  atmosphere  which  surrounds  the 
earth,  but  also  witli  the  component  parts  of  water,  glass,  aud  all  tran^ 
parent  aobstanoes;  and  since  opaque  substances,  when  rendered  suf- 
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•dniduiftitaliofflbtlieiMRsof  aiidibodHS.  fftUth 
•fther  did  not  prerul  UmaAamt  the  wliole  eztaat  of  Ae  i 
«h0  ligbt  of  tlw  itm  could  noi  reMfa  our  ejet.  ff  H  did  nol  < 
ift  water,  daa,  pncioiu  Btonoi^  and  all  tninpanBt  tl^imetii,  theie 
bodiea  00&  noi  be  penetrable  hjhfftim^mn;  inine^if  ilfid 
aol  exist  in  tbe  bnnoan  of  ibe  eye,  li|^t  eoold  nol  dfcet  ttn  oqm 
and  tbe  ip*^nUti^pif  ooold  not  reach  tbe  menbiane  of  tbe  retina. 

1227.  EfecU  ascribed  io  Us  vmjhgdemsiif. — Bsftalthoogh  tlui 
liBrinoM  etber  is  tbus  assomed  to  be  oinuipteaent,  H  doea  not  evo^ 
wbera  prarafl  witb  tbe  aune  denaitf  .  It  is  probaUe  tbal  ila  deuii^ 
in  tbe  celestial  ^»oes  wbicb  interrene  betwera  phneC  and  planet  m 
tbe  same  wbidi  it  bas  noder.  tbe  erbanstod  reoeifw  of  an  aip-pvmf 
or  abofo  tbe  mereorial  oolamn  in  a  barometer. 


Bol  ita  density  in  tnuDsparent  media  must  be  diffnent^  beeanae  to 
explain  tbe  pbenomena  of  ligbt  passing  tbnmgb  tbem  it  ia  neeeaaBry 
lo  simpose  tbat  tbe  undulations  cbange  tbeir  msffuitudOy  n  anppositicn 
wbieb  IS  only  compatible  with  a  cbange  in  the  elasticity  of  the  etiber. 

Wc  shall  see  further^  that  in  some  transparent  bodies  existing  in  a 
crrstallizGd  state  it  is  necessary  to  suppose  also  that  tbe  density  of  the 
ether  in  different  directions  in  the  same  medium  varies. 

If  this  universal  ether  were  for  a  moment  in  a  state  of  perfect  re- 
pose, the  universe  would  be  in  absolute  darkness ;  but  the  moment 
Its  equilibrium  is  disturbed,  and  that  an  undulation  or  vibration  is 
imparted  to  it,  that  instant  light  is  created,  and  is  propagated  indefi- 
nitely on  all  sides,  as,  in  an  atmosphere  perfectly  tranquil,  the  vibra- 
tions of  a  musical  string  or  the  sound  of  a  blow  is  propagated  to  a 
distance  in  all  directions  according  to  determinate  laws. 

Light  itself  must  not,  however,  be  confounded  with  the  ether  which 
is  the  medium  of  its  propagation.  Light  is  no  more  identical  with 
tbe  hypothetical  ether  than  sound  is  identical  with  air.  The  etber, 
in  the  one  case,  and  the  air  in  the  other,  are  merely  tbe  media  by 
which  the  systems  of  undulations  which  constitute  the  real  sense  of 
light  and  sound  are  propagated. 

1228.  Analogy  of  light  and  sound.  —  In  considering  the  analogy 
between  light  and  sound,  however,  there  is  an  important  distinction 
which  must  not  escape  notice.  Sound  is  propagated,  not  only  by  un- 
dulations transmitted  through  the  air,  but  also  by  undulations  trans- 
mitted through  other  fluids  as  well  as  solids,  as  has  been  already  ex- 
plained. Light,  however,  according  to  the  undulatory  theory,  is 
transmitted  only  by  the  undulations  of  the  luminous  ether.  Light, 
therefore,  does  not  pass  through  a  transparent  body,  such  as  glass,  in 
tbe  same  manner  as  sound  is  transmitted  through  the  same  body.  The 
undulations  by  which  sound  is  propagated  through  the  air  would  be 
imparted  to  glass  itself,  which  wUl  continue  them  and  transmit  them 
' '  tnotber  portion  of  air,  and  thence  to  the  ear :  but  when  tbe  midn- 
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htioDS  of  light  are  tnusmitted  throagh  glaas  or  any  other  transparent 
mediam,  they  moat  be  auppoecd  to  be  propagated,  not  by  the  vibrar 
tion  of  the  ^aaa  itself,  but  by  the  yibration  of  the  subtle  ether  which 
pervades  its  pores. 

1229.  The  undulatary  theory  affords  a  more  complete  explanation 
of  the  phenomena.  — These  two  celebrated  theories  have,  as  has  been 
already  stated,  divided  the  scientific  world  for  ages;  nevertheless, 
many  of  the  more  recent  optical  discoveries  having  failed  to  obtain  a 
aatbfactory  explanation  by  means  of  the  corpascdar  hypothesis,  the 
other  theory  has  now  obtained  much  more  general,  if  not  universal 
acceptation.  We  shall  therefore,  in  the  succeeding  chapters,  where  it 
18  neoessary  to  use  the  language  of  theory,  adopt  that  of  the  undu- 
latoiy  hypothesis. 

All  the  general  principles  connected  with  the  theory  of  undulations, 
as  explain^  in  B<x>k  VII.,  will  bo  applicable  to  the  undulations  im- 
parted to  the  luminous  ether  in  this  case. 

ThoB,  the  velocity  with  which  such  undulations  are  propagated  is 
the  velocity  of  light,  the  breadth  of  the  waves  determine  the  colours 
of  the  lights  and  the  height  of  the  waves  its  intensity.  Thus  the 
ondulations  with  which  red  light  is  propagated  are  broader  than  those 
by  which  violet  light  is  produced,  and  the  same  of  the  other  colours. 


CEAP.  XVIII. 

INTERFERENCE  AND  INFLECTION. 

It  has  been  shown  in  Book  YIL,  that  in  all  cases  where  systems 
of  andolation  are  propagated  along  the  surface  of  a  fluid  or  throagh 
an  elastic  medium,  phenomena  are  produced  by  the  intersection  of 
aystemB  of  waves,  by  which,  at  certain  points  the  undulations  obli- 
terate each  other. 

Such  effects  are  called  interference^  one  system  of  waves  being 
sud  to  inierfere  with  another  when  such  reciprocal  obliterations  take 
place. 

An  instructive  class  of  interesting  optical  phenomena  are  explained 
upon  this  principle. 

1230.  Fre'sntVs  experiments  exhibiting  the  effects  of  the  inter' 
ference  of  light,  —  In  order  to  exhibit  the  phenomena  of  the  inter- 
lerenoe  of  light  in  such  a  manner  as  to  develop  the  laws  which  govern 
it,  and  to  supply  numerical  estimates  of  the  data  and  constants  of  the 
nndulatory  theory,  it  is  necessary  to  contrive  means  by  which  two 
pendli  of  light,  whether  homogeneous  or  compound,  of  the  same  in- 
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Inui^i  shall  mtenaot  each  other  it  a  ▼ny  obliqm  aa^  and  at  a 
eoDsiaerable  diataiMe  from  their  fed.  Freanely  to  whoae  experimental 
feaearches  in  this  department  <tf  phjaioa  aoienoe  la  Iai|i^lj  indebted| 
aooomplished  this  object  by  reflection  and  refraction  in  the  frdlowing 
manner. 

1.  By  refleeiiom. — Let  M  o,  m'  o^Jig.  898.,  be  two  plane  re- 
fleoton  inclined  to  eadi  other  at  a  veiy 
obtose  angle.  Let  r  be  a  focoa  of  light 
produced  by  transmitting  the  U^t 
throQgh  a  oonTciging  lens  of  ahoit 
fbcns,  or  by  reflecting  it  from  a  ooncafe 
apeculnm.  Therajv  diverging  from  f 
are  received  upon  the  two  plane  re- 
fleetom  M  o  and  Bf'  o.  An  image  of  i 
will  be  ibrmed  by  the  reflector  m  o  at 
P  jnat  aa  fiur  behind  the  plane  ofuona 
r  is  beflne  it;  and,  in  like  manner, 
another  imago  of  F  will  be  produced 
by  the  reflector  m'  o  at  p^  just  as  far 
behind  the  plane  of  m'  o  as  F  is  before 
it.  It  follows,  therefore,  that  those 
rays  which  pnxseed  from  F  and  are  in- 
Fig.  393.  cident  upon  M  o  will  after  reflection 

diverge  as  if  they  had  originally  proceeded  from  p,  and  those  rajs 
which  are  incident  upon  m'  o  will  after  reflection  diverge  as  if  they 
had  ori^nally  proceeded  from  p^.  Therefore  the  pencils  after  reflec- 
tion will  be  optically  equivalent  to  two  pencils  radiatine  from  P  and  p'. 
Thus  we  shall  have  a  single  pencil  radiating  from  the  point  f  con- 
verted into  two  pencils  intersecting  each  other  at  a  very  oblique  angley 
and  proceeding  from  the  distant  foci  p  and  p'. 

2.  By  refraction, — Let  A  B  c,  fg.  894., 
be  a  prism,  with  a  very  obtuse  angle  at  B, 
and  let  F  be  a  radiant  point  produced  as 
before  by  a  converging  lens  or  concave  re- 
flector. The  rays  diverging  from  F,  and  in- 
cident on  the  surface  A  B,  will  be  refracted 
as  if  they  proceeded  from  f';  and,  in  like 
manner,  the  rays  proceeding  from  F  and  in- 
cident upon  B  0  will  be  refracted  as  if  they 
proceeded  from  r".  Thus  we  shall  have 
two  pencils,  as  before,  the  rays  of  which  will 
intersect  each  other  obliquely  at  the  points 
I,  these  pencils  consisting  of  light  of  the 
fame  quality  ond  intensity. 

1231.  Phcvimena  of  interference  erhih- 
Fig.  894.  ited  in  the  case  of  homogeneous  light, — II 
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tiro  pendlfl  of  Homogeneoiu  light  thus  obtained  bo  made  to  diverge 
from  two  points  f  and  ^j  Jig,  395.,  and  if  the  rays  of  these  pencils 
intenect  at  very  obliqae  angles  below  the  line  A  b,  which  is  drawn 
parallel  to  the  line  f  f',  which  joins  the  foci  of  the  two  pencils,  the 
following  effects  will  ensae:  — 

If  a  line  o  o  0  be  drawn  from  the  middle  point  of  F  f'  perpendicular 
to  it,  any  point  on  this  line  o  0  will  be  illuminated ;  in  fact,  an  illu- 
minated line  will  be  formed  from  o  to  o,  as  indicated  by  the  dotted 
line  in  the  figure.  On  either  side  of  this  illuminated  line  o  o  will  be* 
found  a  dark  curved  line  1  1  and  1'  1',  so  that  any  object  held  in 
cither  of  these  lines  would  be  deprived  of  light     Outside  these  two 

dark  curved  lines  will  be  found  two 
other  curved  lines,  2  2  and  2'  2', 
which  will  be  lines  of  light,  so  that 
any  object  held  at  any  point  of  either 
of  them  will  be  illuminated.  Beyond 
this  again  will  be  found  two  other  dark 
curved  lines,  3  3  and  3'  3',  so  that 
any  object  held  in  them  will  be  in 
shadow  or  darkness;  beyond  these 
again  will  be  two  curved  lines  of  light, 
as  before,  4  4  and  4'  4',  so  that  any 
object  held  in  either  of  these  will  be 
illuminated.  Thus  there  succeed  each 
other  a  series  of  curved  lines  of  light 
and  darkness,  the  light  lines  havinc 
the  colour  and  qualities  of  the  light  of 
the  two  pencils.  The  series  of  the  illuminated  curves  of  light  and 
darkness  at  each  side  of  the  central  line  o  o  are  symmetrically  ar- 
ranged, those  on  the  one  side  having  corresponding  forms,  positions, 
and  distances  to  those  on  the  other  side. 

The  carves  formed  by  these  light  and  dark  lines  are  those  known 
in  geometry  as  the  species  of  couic  section  called  the  hyperbola,  the 
points  V  and  ^  being  their  common  foci. 

Now,  it  is  a  well-known  property  of  this  curve  that  the  difference 
between  the  distances  of  every  point  in  it  from  the  two  foci  is  the  same. 
Thnsy  if  lines  be  drawn  from  f  and  f'  to  any  point  in  any  one  of  these 
corves,  their  difference  will  be  the  same  as  that  of  lines  drawn  from 
F  and  F'  to  any  other  point  in  the  same  curve. 

Thns,  for  example,  if  P  and  p  be  two  points  upon  the  curve  4  4, 
then  the  differences  between  the  distances  of  p  and  p  from  F  and  r' 
will  be  equal ;  and,  in  like  manner,  if  p^  and  p'  be  two  points  on  the 
curve  4'  4',  the  differences  between  their  distances  from  f  and  f'  will 
be  equal 
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If  an  opsqne  lereen  be  isterpoeed  between  the  line  A  B  end  ehher 
of  the  fbei,  t  for  example,  all  theee  corree  of  bright  and  daiir  linci 
Tanish,  and  there  is  a  uniform  illumination  produced  throagfaont  the 
qiaoe  below  the  line  A  b.  This  illnmination,  however,  will  be  fimnd 
Id  have  only  half  the  intensity  of  the  biri^  carves  iHbich  were  pie- 
fioasly  formed. 

'  NoW|  sinee  by  the  interposition  of  the  screen  ip  light  has  been  £f- 
fbsed  below  the  line  A  b  whidi  was  not  th^re  befero,  bot,  on  the  con- 
trary, all  the  light  prooeeding  fnsm.  the  feeus  t/^  whidi  -was  there 
beim,  is  now  eizeluded,  it  fofiows  that  the  effect  of  the  rays  which| 
proceeding  firom  the  feeos  if^  interseet  those  proeeeding  from  tbe&eoi 
V,  is  to  deprive  the  spaoes  marked  by  the  dark  carves  11,8  8,  V 1', 
•ad  V  V  <x  light,  and  to  increase  in  a  two-fold  prop(»rtion  the  li^  in 
the  spaoes  marked  o  o,  2  2,  44,  2'  2',  and  4'  4'. 

Thus  it  appears,  that  at  the  intersections  of  the  rays  proceeding 
from  F  and  F',  which  take  place  upon  the  dark  curves,  the  one  light 
eztioguishes  the  other;  and  that  at  the  intersections  which  take  place 
upon  the  bright  curves,  the  lights  add  their  mutual  intensities,  and  an 
intensity  is  produced  equal  to  their  sum  \  for  since  they  are  equal  to 
each  other,  this  intensity  is  double  the  intensity  of  either. 

Now  it  will  be  evident,  by  reference  to  what  has  been  established 
in  Book  YII.  relating  to  undulations,  that  this  fact  is  merely  a  con- 
sequence of  the  interference  of  the  waves  of  light.  The  foci  F  and  i 
may  be  considered  as  the  centres  round  which  two  systems  of  lumin- 
ous undulations  are  propa^ted.  These  systems,  encountering  each 
other,  intersect  below  the  hne  A  B.  At  those  points  where  the  waves 
meet  under  corresponding  phases,  that  is  to  say,  where  the  crest  of 
one  wave  coincides  with  the  crest  of  another,  or  the  depression  of  one 
with  the  depression  of  another,  they  produce  waves  of  double  the 
height  or  double  the  depression  of  either.  But  at  those  points  where 
they  meet  under  contrary  phases,  that  is,  where  the  crest  of  one  wave 
coincides  vnth  the  depression  of  the  other,  or  vice  verxd,  then  the 
waves  obliterate  each  other,  and  no  undulation  takes  place  at  such 
point.  In  the  former  case,  the  light  at  the  point  of  intersection  has 
double  the  intensity  which  it  would  have  if  the  light  from  one  focus 
alone  was  received;  in  the  other  case,  the  lights  extinguish  each 
other,  and  there  is  darkness. 

Now  it  will  be  easy  to  show,  that  the  bright  curves  indicated  by 
the  dotted  lines  in  the  figure  correspond  to  points  where  the  systems 
of  waves  intersect  under  the  first  condition  above  mentioned,  and  that 
the  dark  curves  correspond  to  those  points  where  they  intersect  under 
the  second  condition. 
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The  middle  line  o  o,  whioh  is  a  line  of  light,  is  at  all  its  points 
eqoelly  distant  from  f  and  f'.  Thus  two  lines  F  o  and  t^  o  drawn 
fimn  tne  focus  to  the  same  point  in  it  are  always  equal ;  consequently 
the  nndolations  which  meet  at  any  point  such  as  o  on  this  line^  must 
neoessarily  meet  under  similar  phases;  for  since  the  waves  are  of 
equal  lengths,  and  since  the  distance  F  o  is  equal  to  the  distance  f  o, 
the  same  number  of  waves  and  parts  of  a  wave  must  occupy  the  two 
distances,  and  consequently  the  waves  must  arrive  at  o  under  corre- 
ipondine  phases. 

The  distance  of  any  point  of  the  first  dark  curve  1 1  from  the  focus 
f  exceeds  its  distance  from  the  focus  f  by  half  an  undulation.  If, 
therefore,  the  crest  of  a  wave  proceeding  from  f'  arrive  at  any  point 
on  this  curve,  the  depression  of  a  wave  proceeding  from  f  must  arrive 
aft  the  same  point  at  the  same  time ;  and  the  same  will  be  true  of  all 
pdntB  in  the  dark  curve  1 1.  The  same  observation  will  also  be  ap- 
plicable to  the  curve  1'  1\  only  that  in  this  case  the  distance  of  any 
jKiint  from  F  exceeds  its  distance  from  f'  by  half  an  undulation. 

Thus  it  appears  that  the  waves  propagated  from  the  centres  F  and 
if  always  intersect  on  the  dark  curves  1 1  and  1'  1'  under  contrary 
phases,  and  consequently  obliterate  each  other's  effects  and  produce 
oaricness. 

The  distance  of  any  point  in  the  bright  curve  2  2  from  f'  exceeds 
the  distance  of  the  same  point  from  f  by  the  length  of  a  complete 
undulation ;  consequently,  if  the  crest  of  a  wave  proceeding  from  f^ 
arrive  at  any  point  in  such  line,  the  crest  of  the  preceding  wave  pro- 
eeeding  from  f  must  arrive  at  it  at  the  same  time ;  and  the  same  will 
be  troe  for  every  point,  so  that  throughout  this  bright  line  2  2  the 
mterseoting  waves  increase  each  other's  effect.  The  same  will  be  true 
of  the  line  2f  2'.  Hence  the  illumination  produced  along  these  two 
bright  curves  will  be  equal  to  the  sum  of  the  illuminations  proceed- 
ing ftom  the  two  focL 

In  the  same  manner,  it  appears  that  the  distance  of  any  point  on 
the  dark  curve  8  8  ftom.  v'  exceeds  the  distance  of  the  same  point 
firom  r  by  Uie  length  of  an  undulation  and  a  half,  and  the  same  con- 
seqnences  as  in  the  case  of  the  first  curve  follow,  so  that  the  waves 
inftenectinff  on  the  dark  curves  3  8  and  8'  8',  meet  under  opposite 
phases  and  obliterate  each  other. 

It  is  evident)  therefore,  that  the  several  hyperbolic  curves  formed 
by  the  successive  light  and  dark  lines  on  either  side  of  the  central 
bright  line  o  o  derive  their  character  from  the  multiple  of  only  half  a 
wave's  length,  which  expresses  the  difference  between  the  distance  of 
their  soooessive  points  from  the  two  centres  of  undulation  f  and  F , 
which  are  the  common  foci  of  all  the  curves ;  and  this  multiple  is  in 
such  case  the  length  of  the  transverse  axis  of  the  hyperbola,  of  which 
the  point  c  is  the  centre. 


Ibe  ipioei  inlemiiiBg  between  the  bright  and  duk 
nqKmd  to  ]xiinto  irbeie  WftTBi  intenect  iinder  pbaies  wUeh  a^ 
fmt&cAj  eoincident  nor  perfeedj  opponte,  and  wben  eooeeqiieiitlj 
thej  onlj  pertiallj  eiEuse  eeoh  otlicr.  Henee  tbe  li^  gndiially 
diminiahee  in  theee  q[iaoea  between  tbe  btigbt  and  tbe  da»  eonrek 
Tbe  diffisienoe  between  the  diataneea  of  tbeae  intennediata  ponitB  from 
tbe  fooi  V  and  F*  exoeeda  a  eomnlete  number  of  balf  wndnlationa  bja 
qaantitj  wbiob  ia  leaa  than  ball  an  wndnlatiwi. 

1282.  Ham  tk$  fkenamaut^  imierferemce  are  qfieied  kjftke  ii/- 
fireni  rtfiwngMltUes  of  dmrttU  SoauMimu  wAfa.— In  wkiat 
baa  beoi  bera  atated,  it  baa  oeen  aanimed  that  tbe  light  prooeedfaig 
from  the  nointa  T  and  t^  ia  homogaieoaa  light.  Now  there  an,  aa 
baa  been  uowny  Tariooa  speeiea  of  bomogaieoiia  ligfa^  diftting  fireai 
eaoh  other  in  refrangjbilit^  and  ookmr;  Sod  it  ia  neoeaaaiy  to  ezpliin 
in  what  reapeota  eaoh  vanetj  of  lefran^bility  and  eoloor  a&eti  tbe 
phenomena  of  the  bright  and  daik  omrvea  jiiat  ezphined.  We  find 
aooordingly,  that  by  causing  pencils  of  homogeneona  light  of  differ- 
ent colours  and  refrangibilities  to  intersect  as  above  described,  the 
bright  and  dark  curves  formed  by  their  interference  retain  the  cha- 
racter of  the  hyperbola,  and  that;  although  their  general  disposition 
on  either  side  of  the  central  line  o  o  is  the  same^  they  are  at  di£Eerent 
distances  from  each  other;  that  is  to  say,  the  distance  of  the  first 
bright  curve  2  2  from  the  central  line  o  o,  as  well  as  the  distance  of 
any  two  corresponding  curves  from  eaoh  other,  are  different  for  differ- 
ent  species  of  homogeneous  liffht.  In  general,  the  more  refrangible 
the  light  is,  the  nearer  are  the  bright  curves  to  each  other.  Thus  the 
distance  between  one  bright  curve  and  another  for  violet  or  blue 
colour  is  less  than  tbe  distauce  between  the  corresponding  bright  lines 
for  red  or  orange  colour. 

1233.  The  lengths  of  the  undulations  of  the  different  homogeneous 
lights  computed  from  the  phenomena  of  interference.  —  By  an  exact 
measurement  of  the  dark  and  bright  hyperbolic  curves  produced  by 
each  species  of  homogeneous  light,  aided  by  their  known  geometrical 
properties,  Fresnel  was  enabled  to  deduce  from  these  curves  the  lengths 
of  the  undulations  of  the  ether  which  correspond  to  each  species  of 
homogeneous  light  The  following  are  tho  results  of  bis  observationa 
and  calculations : — 
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Light. 


Length  of  Wave 
in  ton-millionth 
Parts  of  an  Indi. 


NumlMr  of  Undn- 
lations  to  an  Ineh. 


Tiolet 

>lct 

vrdering  on  dark  blae 

le 

le  bordering  on  light  blue. 

le. 

le  bordering  on  green 

nrdering  on  yellow 

•ordering  on  orange........ 

^ordering  on  red 

red 


160 
167 
178 
177 
180 
187 
194 
206 
200 
217 
225 
230 
235 
244 
254 


62,500 
69.880 
57,808 
66,497 
55.556 
63,422 
61,546 
48,780 
47,847 
46,083 
44,444 
43,480 
42,659 
40,983 
89,870 


Efecta  of  the  interference  of  compound  solar  light, — Since 
Doea  between  the  bright  and  dark  curves  are  different  for 
lies  of  homogeneous  light,  it  follows,  that  if  the  light  which 
horn  F  and  f  be  white  solar  light  which  is  composed  of  all 
n  of  the  spectrum,  we  shall  have  all  the  systems  of  bright 
curves  which  would  be  separately  produced  by  each  of  the 
it  parts  of  the  solar  lights  superposed,  and  a  mixture  of 
rill  consequently  ensue  which  will  produce  rows  of  firingeSi 
re  of  which  will  be  determined  by  the  prismatic  tinta  wUch 
IQS  mingled  together. 

plete  analysis  of  the  combination  of  colour  which  would  pro* 
le  ^nges  in  the  case  of  solar  light  would  be  extremely  corn* 
Some  idea,  however,  may  be  formed  of  the  manner  in 
e  eombination  of  colours  is  produced  from  Ji^r,  396.,  in  which 
ve  breadths  and  distances  of  the  light  and  dark  curves  pro* 

duced  by  the  three  homo* 
geneous  lights,  red,  green, 
and  violet,  are  represented. 
The  series  of  red  fringes 
with  their  alternate  dark 
spaces  are  represented  bj 
&  B>  the  series  of  green 
stripes  are  represent^  b^ 
a  o,  and  that  of  violet 
stripes  by  vv.  If  these 
lered,  instead  of  being  placed  as  in  the  figure  one  above  the 
be  superposed,  the  effects  which  would  be  produced  by  a 


Fig.  396. 


UGHT. 

[hi  procoediDg  from  the  two  fboi  f  and  f'  compofled  of  diefle  tbiee 
lours  mar  be  inferred. 

1235.  h^UeiUm  or  difraction  of  light, — If  the  lajs  of  light 
diverging  from  a  focus  T,Jig'  897..  be  incident  upon  an  opaque  objcot 
«  A  B,  all  those  rays  of  the  pencil  which 

are  included  within  the  angle  A  F  B  will 
be  intercepted,  so  that  a  screen  held  at 
o  D  will  receive  none  of  those  rays. 

K  the  lines  F  A  and  F  b  be  continued 
to  a'  and  b',  they  will  include  upon  the 
screen  those  spaces  which  would  have 
been  illuminat^  by  the  rays  proceeding 
from  F,  which  are  intercepted  by  the 
opaque  body  ab.  All  the  rays  oi  the 
Fig. 397.  pencil  included  in  the  angles  a Fo  and 

b  F  D  will  proceed  uninterruptedly^  and 
will  fall  upon  the  screen.  If  these  rays  underwent  no  change  of 
direction^  they  would  illuminate  those  portions  of  the  screen  included 
between  o  and  a'  and  d  and  B'.  There  would  thus  be  an  exact  and 
well-defined  shadow  of  the  object  A  B  formed  upon  the  screen  at  a'  b', 
and  the  remainder  of  the  screen  would  be  illuminated  in  the  same 
manner  as  it  would  have  been  if  the  opaque  body  a  b  had  not  been 
present. 

It  is  found,  however,  by  experiment,  that  no  such  exact  and  well- 
defined  shadow  of  the  opaque  object  would  be  formed  upon  the  screen. 
The  outline  of  the  space  which  would  limit  an  exact  and  ffeometri- 
oal  shadow  of  A  B  being  determined,  it  is  found  that  within  wis  space 
light  will  enter,  and  that  outside  this  space  the  illumination  is  not 
the  same  as  it  would  have  been  if  the  object  A  B  had  not  been  inter- 
posed. 

From  this  it  is  inferred  that  the  rays  of  light  which  pass  the  edge 
A  B  of  the  opaque  object  do  not  proceed  in  the  same  straight  lines 
A  A'  and  B  b',  in  which  they  would  have  proceeded  if  the  opaque 
object  were  not  present.  In  a  word,  the  appearance  of  the  edge  of 
the  shadow  is  not  a  well-defined  line  separating  the  illuminated  from 
the  dark  part  of  the  screen,  but  a  line  of  gndually  decreasing  bril- 
liancy from  the  illuminated  part  of  the  screen  to  Uiat  in  which  the 
shadow  becomes  decided. 

This  effect  produced  by  the  edges  of  an  opaque  body  upon  the  light 
passing  in  contact  with  them,  by  which  the  rays  are  bent  out  of  their 
course  either  inwards  or  outwards,  is  called  inflection  or  difraction. 

This  phenomenon  is  a  consequence  of  the  general  property  of 
undulation  explained  in  the  Theory  of  Undulation  (see  Handbook  of 
Sound,  810,  811,  and  812).  When  the  system  of  waves  propagated 
round  f  as  a  centre  encounters  the  obstacles  A  B,  subsidiary  systems 
of  nndolation  will  be  formed  round  a  and  b  respectively  as  central^ 
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•nd  will  be  propBgated  from  those  points  independently  of  anid  nmnl* 

taneoQslj  with  the  original  system  of  waves  whose  eontre  is  r,  and 

which  will  also  proceed  towards  0  a'  and  D  b'.    In  a  certain  space 

^         round  the  lines  A  a'  and  B  u^,  along  which  the  nyn  grazing 

the  edge  of  the  opaque  body  would  have  proceeded;  the 

two  systems  of  undulation  will  intersect  each  other  and 

produce  the  phenomena  of  interference. 

1236.  Combined  effects  of  inflection  and  interference.— 
If  the  opaque  body  a  B  be  very  small,  and  the  distance  of . 
the  focus  r  from  it  be  considerable;  the  two  pencils  formed 
by  inflection;  of  which  A  and  B  are  the  foci,  will  intersect 
each  other  as  represented  in^.  398.,  and  in  this  case  all 
the  phenomena  of  interference  already  described  in  1231. 
will  ensue.  Thus,  if  the  light  be  homogeneous,  a  bright 
line  of  light  will  be  formed  under  the  centre  of  the  opaque 
object  AB,  outside  which  will  be  dark  lines,  and  then 
bright  and  dark  lines  alternately.  If  the  arransment  of 
these  lines  be  examined,  they  will  be  found  to  be  hypeiw 
boliC;  as  exhibited  in/^.  895.;  and  to  vary  in  their  rel** 
tive  distance  with  the  quality  of  the  light  which  radiates 
Fig.  SW.   fj^jj^  ^3  foQ^g  J     j£  ^Q  ygjj(j  radiating  firom  such  foeui 

be  compound  solar  light,  then  a  series  of  coloured  firinges  will  be 
formed,  aa  already  expbiined. 

1237.  Examples  of  the  effects  of  inflection  and  inierferenu, — Tbt 
variety  of  optical  phenomena  produced  by  light  passing  the  edgeH  of 
imall  Ofttque  objects,  or  small  openings  inade  in  opaque  plates,  is  in* 
finite.  The  prindples,  however,  on  which  all  these  appearances  an 
ex]dkined,  are  the  same. 

The  following  experiments  form  examples  of  the  variety  of  wUch 
these  phenomena  are  susceplible. 

L  If  a  small  sphere  formed  of  any  opaque  substance  be  suspended 
in  a  dark  room,  and  a  pendl  of  homogenous  light  be  allowed  to  fidl 
upon  ity  so  that  its  shadow  may  be  received  upon  a  screen,  it  will  be 
fixmd  thai  a  bright  spot  will  appear  in  the  middle  of  the  shadow,  oat* 
nde  which  will  be  a  dark  circle,  beyond  which  there  will  be  a  bnghl 
circle;  and  beyond  that  a  dark  cirde,  and  so  OU;  the  circles  correspond- 
ing sacoessively  to  the  interference  of  the  rays,  by  which  their  bril- 
liancy is  either  doubled  or  extinguished,  and  the  colour  of  the  bright 
circles  corresponding  to  that  of  the  liffht. 

If  the  light  which  &lls  on  the  sphere  in  this  case  be  compound 
solar  light,  the  central  spot  on  the  screen  will  be  white,  and  will  be 
sorroanded  by  a  series  of  coloured  fringes,  produced  by  the  supei^ 
position  of  the  coloured  rings  which  would  be  produced  separately  bj 
each  compound  of  the  solar  light 

IL  If  a  fine  wire  or  sewing-needle  be  held  close  to  one  eye^  the 
60 


UOBT. 

being  doied|  and  be  looked  it  to  as  to  be  prqjeoted  upon  Urn 
Qgfatof  »  windofiff  or  a  wbite  eereen,  aevenl  needles  will  be  eeen. 
^UL  If  the  eye  be  directed  in  a  duk  room  to  a  narrow  ilit  in  the 
window^hiitter  bj  which  lif^t  ia  admitted,  aevenl  slits  will  be  seen 
•enumted  by  dari[  bands. 

lY.  If  a  piece  of  card  haring  a  narrow  indaon  made  in  it^  be  held 
between  the  eye  and  a  candle,  a  series  of  slits  will  be  seen  parallel  to 
each  other,  esdiibiting  the  colours  of  the  spectrum.  The  same  ap- 
pearance may  be  pnranced  with  increased  effect  by  looking  through 
the  slit  at  the  sonJight  admitted  through  an  opening  in  the  window- 
shutter. 

1288.  Pkemmuna  of  inier/erenee  of  light  reflected  and  refracted 
If  lAtii  trmufOTtM  laimmm, — ^It  has  been  already  shown  that  when 
li^t  passes  fKsm.  any  transparent  medium  to  another  of  diffsrent 
dendty,  a  part  of  it  is  reflected  firom  their  common  surihee,  and  a  part 
ooly  tnnsmitled.  ThuS|  when  light  passing  throurii  air  is  inddent 
upon  the  surface  of  glass,  a  certain  part  of  it  is  rraeeted  from  such 
snrfiu)e,  but  the  greater  part  enters  it  When  that  portion  which 
penetrates  the  glass  arrives  at  the  second  surface,  which  separates  the 
class  from  the  air,  on  the  other  side  a  like  effect  ensues,  a  portion  of 
ttie  light  is  reflected  from  the  second  surface,  the  greater  part,  however, 
penetrating  it,  and  passing  into  the  air.  There  are,  therefore,  two 
systems  of  reflected  rays,  one  reflected  from  the  first  surface  of  the 
glass,  and  the  other  by  the  second  surface. 

The  first  system  of  reflected  rays  is  thrown  back  immediately  into 
the  air ;  the  second  system  is  thrown  back  into  the  glass,  and  must 
pass  through  the  first  surface  of  the  glass  before  it  returns  into  the 
air. 

K  the  two  sur&ces  which  thus  successively  reflect  a  portion  of  the 
light  which  passes  through  the  transparent  medium  be  very  close  to- 

Etther,  and  if  they  be  not  precisely  parallel,  the  reflected  rays  will 
tersect  each  other,  and  produce  the  phenomena  of  interference. 

1289.  Iridescence  of  fsh^scales,  soap-bubbles,  moiher-of-pearl^ 
feathers,  Sfc.  explained, — Hence  arise  the  curious  and  beautiful  ap> 
pearances  of  iridescence  which  are  observable  whenever  transparent 
substances  are  exhibited  in  sufficiently  thin  plates  or  laminas,  the  pris- 
matic colours  observable  in  the  scales  of  fishes,  in  spirit  of  wine  spread 
in  thin  films  on  dark  surfaces,  in  oil  thinly  diffused  over  the  surface 
of  water,  and  the  thin  laminae  of  crystals  and  soap-bubbles,  and  bub- 
bles of  glass  blown  to  extreme  tenuity,  in  the  laminae  of  mother-of- 
pearl,  and  in  the  wings  of  insects  and  feathers  of  birds. 

1240.  J>rewton*s  experimental  illustration  of  the  physical  laws  of 

smch  phenomena, — In  these  and  similar  cases,  the  forms  and  thinness 

jf  the  various  laminss  being  irregular,  the  iridescence  affords  no  indi- 

eations  of  general  laws.    Newton,  however,  by  a  series  of  beautiful 

experiments;  reduced  these  ighenom^na  to  a  form  in  which  he  was 
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enabled  to  determine  their  laws,  and  by  which  they  have  sinoe  been 
shown  in  a  rigorous  manner  to  be  consequences  of  the  principle  of 
interference. 

Newton  placed  a  flat  plate  of  glass,  D  E,^.  399.,  of  uniform  thin- 
ness, upon  a  convex  lens  A  o  b,  of  a  very  slight  degree  of  convezityy 

D  9  €     e    m  c  ^  t'  ^*        s*  B 


Fig.  399. 

10  that  the  surface  of  the  two  glasses  should  be  separated  by  exceed- 
ingly  minute  spaces,  even  at  considerable  distances  from  the  point  of 
contact  0.  By  this  expedient  a  plano-concave  lens  of  air  of  extreme 
thinness  was  formed  by  the  two  glasses. 

Let  us  now  suppose  homogeneous  light  to  fall  upon  the  sur&oe 
D  E.  The  appearance  will  be  that  of  a  dark  spot  in  the  centre  o, 
surrounded  by  a  bright  ring,  outside  which  is  a  dark  rins,  followed 
by  a  bright  ring,  and  so  on,  a  series  of  bright  and  dark  rings  being 
formed  round  the  central  black  spot. 

K  homogeneous  light  of  different  colours  be  successively  thrown 
upon  the  glass,  a  system  of  rinss,  such  as  here  described,  will  in  each 
case  be  produced;  but  their  £ameters  will  be  different,  the  rings 
being  closer  together  for  the  more  refrangible  than  for  the  less  rcfran- 
g^le  lights.  If  compound  solar  light  be  allowed  to  fall  upon  the 
slass,  a  series  of  rings  will  be  formed  of  colours  which  would  be  pro- 
duo^  W  the  superposition  of  all  the  systems  of  rings  which  are  sepa- 
rately rormed  by  the  various  homogeneous  lights  which  form  the 
eompound  solar  light. 

1241.  jyitufton^s  coloured  rings  explained  by  interference. — ^These 
phenomena,  which  were  explained  by  Newton  upon  an  hypothesia 
called  by  him  the  iheory  of  Jits,  of  easy  reflection  and  transmission, 
arc  eafflly  explicable  upon  the  principle  of  interference. 

When  homogeneous  light  falls  upon  the  glass,  a  portion  of  it  is 
reflected  from  Sie  under  surface  of  the  plate  D  £,  which  separates  the 
glass  from  the  thin  plano-concave  lens  of  air.  Another  portion  is 
reflected  after  passing  through  the  air  from  the  convex  surface  of  the 
glass.  These  two  systems  of  rays  being  reflected  from  surfaces  not 
precisely  parallel,  intersect  each  other,  and  alternately  destroy  or 
increase  each  other's  effect,  according  as  the  waves  of  liffht  meet  under 
the  same  or  different  phases.  The  dark  rings  comprehend  the  inter- 
sections under  different  phases,  and  the  light  rings  the  intersections 
under  the  same  phases. 

The  thinness  of  the  lens  of  air  at  the  successive  dark  and  bright 
rings  respectively  determine  the  difference  between  the  lengths  of  the 
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ofeMbdbMor 

The  phenomenay  both  opdcad  and  pfajaa].  safest  in  the  first  class 
the  sapfmtion  that  thej  consist  cf  mokcnks  which  are  nniform  in 
their  form  and  reciprocal  efiecte,  so  that  the  forces  which  thej  exercise 
one  upon  the  other  are  the  same  in  every  direction.  To  this  class 
belong  ererj  species  of  aeriform  flaid|  all  liquids,  and  certain  trans- 
parent solids,  such  as  glass,  when  proper! j  annealed. 

1243.  Single  refracting  media. — In  all  these  substances  the  con- 
•lituent  molecules  appear  to  be  so  arranged,  that  we  might  conceire 
them  to  be  spherules  of  matter,  from  the  centres  of  whkh  fbroea 
smanate  which  are  equal  in  every  direction. 

1244.  Double  refracting  media, — The  second  class  of  snbstanoefl^ 
which  includes  crystallised  minerals,  generally  exhibits  phenomena 
which  lead  to  the  supposition  that  their  constituent  molecules  are  not 
spherules,  or,  at  least,  that  they  do  not  exercise  like  forces  in  all  direc- 
tions round  their  centres.  Ijie  phenomenon  of  ciystallization,  ex- 
plained in  the  Handbook  of  Mechanics,  sections  6O-60.,  itself  suggests 
this  supposition ;  for  when  a  substance  passes  from  the  liquid  to  the 
solid  state,  and  undergoes  the  process  of  crystallization,  the  particles 
afleet  a  particular  arrangement  with  reference  to  one  another,  so  as  to 
present  themselves  towuds  each  other  in  certain  directions,  as  if  they 
had  sides  which  mutually  attracted  or  repelled  each  other. 

1245.  Effects  cf  an  uncrystallized  medium  on  light.  — To  render 
■Mrs  dearly  inteUigible  the  efiects  produced  by  crystallized  substances 
on  light  transmittra  through  them,  wc  shall  first  briefly  recapitulate 
ihs  Mfeots  produced  on  rays  of  light  by  an  ordinary  transparent  un- 

^Btalliied  medium,  such  as  air,  water,  or  glass. 
*it4  vs  suppose  such  a  substance  reduced  to  the  form  of  a  sphere, 
4^  if  il  be  ps  or  Uqoid,  may  be  done  by  endosing  it  in  a  thin 
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g^obe  of  jslan;  tncl  if  it  be  a  solid,  it  may  be  reduoed  to  the  spheA' 
oal  fixrm  in  the  lathe. 

Let  X  N  Q  8,  Jig.  400.,  represent 
a  section  of  this  transparent  sphere, 
and  X  p  Q  o  another  section  at  right 
angles  to  it. 

Let  z  N  and  i  n  represent  two 
rays  of  homogeneous  light  incident 
at  N,  one  in  a  direction  which,  be- 
ing continued,  would  pass  through 
the  centre  o  of  the  sphere,  and  the 
other,  I N,  in  a  direction  oblique  to 
the  former. 

If  the  sphere  be  composed  of 
non-crystallized  transparent  matter, 
the  ray  ZN  will  pass  through  it, 
pursuing  the  original  direction,  and 
consequently,  after  passing  the  cen- 
tre G,  will  emerge  from  tne  lowest 
point  8  in  the  direction  8T,  so 
that  its  course  shall  be  in  no  wise 
changed  by  the  transparent  medium 
through  which  it  has  passed;  but 
Fig.  400.  the  ray  i  N,  which  falls  obliquely 

ai  the  point  n,  will,  according  to  the  law  of  refraction  already  ex- 
plained, be  deflected  from  its  course  towards  the  diameter  nob,  and 
inll  follow  a  direction  such  as  N  B,  which  miJ[es  an  angle  with  n  b 
lew  than  that  which  i  n  makes,  mik  n  z. 

The  laws  which  goyem  in  this  case  the  refracted  ray  are  as  fol- 
low!: — 

1.  If  the  incident  ray  be  perpendicular  to  the  surfiuie  at  the  point 
dt  incidence,  its  direction  will  not  be  changed  in  passing  through  the 
transparent  medium. 

2.  If  the  incident  ray  form  an  angle,  such  as  I  n  z,  with  the  per- 
pendionlar  n  z  at  the  point  of  incideuoe,  then  the  refracted  ray  N  B 
will  finrm  an  angle  with  the  same  perpendicular  M  z,  or  with  its  pro- 
dnetion  n  8,  the  plane  of  which  will  coincide  with  the  plane  of  the 
aoffle  of  imndenoe  z  n  i. 

3.  If  the  angle  of  incidence  i  n  z  be  varied,  the  angle  of  refrao- 
tioQ  B  N  8  will  Ml  also  varied,  bnt  in  such  a  manner  that  the  ratio  of 
the  sine  of  the  ande  of  incidence  i  N  z  to  that  of  the  angle  of  refrac- 
tion R  N  8  shall  always  be  the  same,  so  long  as  the  transparent  me- 
dium into  which  the  ray  passes  is  the  same. 

4.  If  while  the  incident  rays  z  N  and  I N  preserve  their  position, 
the  sphere  be  turned  round  its  centre  c,  so  as  to  bring  sucoesnvely 
every  part  of  its  surface  to  coincide  with  the  point  ci  i^oidenpe  N,  the 
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1  nj  «  B  win  iliU  ndntdn  tbe  Mune  dinodim  lad  poflUoa^ 
and  die  nj  I M  will  ftill  put  throogh  the  oentrs  of  tbe  wphm  q,  no 
Miltor  whftfe  pontion  maj  be  f^ven  (o  the  sphere,  io  long  as  the  po- 
0tkm  of  ill  oentxe  o  remain  onehanged. 

Thna  tbe  direction  and  pontion  S  the  incideQt  raja  I  ir  and  i  N, 
and  of  the  refracted  ra^ra  n  b  and  M  s,  will  remain  fixed,  althoogh  the 
tnnqNurent  sphere  which  ther  penetrate  may  be  changed  in  an  infi> 
nita  Tarietj  <tf  wajSy  so  aa  to  brmg  all  its  points  in  snccession  to  ceis- 
eide  with  we  point  of  incidence  n  of  the  rajs. 

Sndi  are  the  phenomena  which  are  produced  when  the  rays  i  v  and 
B  V  are  incident  upon  a  sphere  composed  of  nncrystalliied  transpneat 
•ahstence.  The  same  phenomena  will  always  preyail  in  the  caae  ersa 
of  certain  ciystalliied  sabstances;  bat  in  the  case  of  other  aystal- 
liaed  mediai  diffneni  and  fiur  more  complicated  phenomena  are 
dsffiloped,  wUoh  we  ahall  now  proceed  to  ezphdn. 

1246.  Efeeit  tfcertmm  media  m 
light — ^Let  a  sphere  be  farmed  of 
one  of  the  dass  of  crystals  of  which 
Iceland  spar  or  the  crystallized  car- 
bonate of  Hme  is  a  specimen,  and  let 
this  sphere  be  submitted  to  the  same 
ezperirocnts  as  have  been  described 
in  the  former  case.  When  the  rays  i  N 
and  z  N,  fig.  401.,  penetrate  tbe 
sphere  at  N,  they  will  each  of  them  be 
resolved  into  two  rays,  one  of  which, 
in  the  figure,  is  indicated  by  the  uni- 
form line,  and  the  other  by  the  dotted 
line.  The  rays  indicated  by  the  uni* 
form  lines  N  s  and  N  R,  will  conform 
to  the  laws  of  refraction  which  prevail 
in  unciystallized  media;  that  is  to 
say,  the  ray  N  8  will  pass  through  the 
centre  of  the  sphere  c,  preserving  the 
direction  of  the  incident  ray  z  K, 
which  strikes  the  surface  of  the 
sphere  at  N  in  a  perpendicular  direc- 
don,  and  the  ray  n  r  will  be  in  the  plane  of  the  angle  of  incidence  i  N  z. 
Also,  if  the  rav  I N  be  made  to  fall  at  n,  so  as  to  form  any  other  angle 
of  incidence,  the  ray  n  r  will  vary  its  inclination  to  the  perpendicular 
N  8,  in  conformity  with  the  kw  of  refraction,  which  establishes  a  con- 
stant ratio  between  the  sines  of  the  angles  of  incidence  and  reaction. 
But  none  of  these  charactera  are  found  to  attend  the  other  rays 
N  s'  and  N  r',  into  which  the  original  incident  rays  are  resolved  by 
the  crystal 
The  ray  v  a',  althoof^  proceeding  from  the  ray  z  N,  which  is  ind- 

702 


Fig.  401. 


I)..'  i;i  :.  1;:::";:  \(  ri.»x.  *i83 

dent  perpendicularly  at  the  point  N,  does  not  penetrate  the  medium 
in  the  same  directioii,  but  makes  a  certain  angle  s'  N  s  with  the  per- 
pendicular. Thus,  in  the  case  of  this  ray  there  is  an  acute  angle  of 
refraction  corresponding  to  perpendicular  incidence.  In  the  case  of 
the  ray  n  b'  it  is  found  that  it  deviates  on  the  one  side  or  the  other 
of  the  plane  of  the  angle  of  incidence  i  N  z,  and  thus  this  ray  Violates 
that  general  law  of  common  refraction  which  declares  that  the  plane 
of  the  angle  of  refraction  coincides  with  the  plane  of  the  angle  of  in- 
cidence. 

If  the  angle  formed  by  the  incident  ray  i  N  with  the  perpendicular 
I N  be  yaried,  the  ansle  which  the  refracted  ray  N  r'  makes  with  the 
perpendicular  N  8  will  be  also  varied,  but  not  according  to  the  law  of 
fines  which  prevails  in  the  case  of  ordinary  refraction. 

1247.  The  ordinary  and  extraordinary  rays.  —  Thus  it  appears 
that  in  such  crystallized  media  the  incident  ray  is  resolved  into  two 
raySi  one  of  which  conforms  to  the  laws  of  common  refraction,  and 
the  other  violates  them,  and  is  regulated  by  other  and  different  con- 
ditiona.  The  two  rays  into  which  the  incident  ray  is  thus  resolved 
are  called  the  ordinary  and  extraordinary  rays ;  that  which  conforms 
to  the  laws  of  common  refraction  being  called  the  ordinary,  and  that 
which  violates  them  the  extraordinary  ray. 

If  the  sphere  be  now  supposed  to  be  moved,  as  before,  round  its 
centre  o,  so  as  to  bring  successively  all  the  points  of  its  surface  to 
coincide  with  the  point  of  incidence  n,  it  will  bo  found  that  the  ordi- 
nary rays  N  s  and  n  r  will  preserve  their  direction  and  position  fixed 
in  ill  podtions  which  the  sphere  shall  assume )  but  that  the  direction 
and  position  of  the  extraordinary  rays  N  s'  and  N  r'  will  vary  with 
erery  change  of  position  of  the  sphere.  They  will  sometimes  ap- 
proach to,  and  sometimes  recede  from  the  ordinary  rays;  and  they 
will  Bometimefl  deviate  on  one  side,  and  sometimes  on  the  other,  of 
the  plane  of  the  angle  of  incidence ;  but  in  all  cases  there  will  be  a 
maximum  deviation  from  tho  ordinary  ray,  which  will  not  be  exceeded. 

1248.  The  axis  of  double  refraction.  —  By  varying  the  position 
of  the  sphere  so  as  to  bring  the  various  points  of  its  surface  to  coin- 
ddo  with  the  point  of  incidence  n,  a  point  will  be  found  upon  it  at 
which  the  extraordinary  ray  n  s'  will  coincide  with  tho  ordinary  ray 
MS.  As  this  point  approaches  the  point  N,  the  angle  s'  N  s  under 
the  ordinary  and  extraordinary  ray  will  be  observed  continually  to 
diminbb ;  an  effect  which  will  indicate  the  change  of  position  neces- 
aary  to  bring  the  desired  point  to  coincide  with  the  point  of  in- 
cidence N. 

This  point  of  the  sphere  then  possesses  a  distinctive  character,  in 
virtue  of  which  the  incident  ray  z  N  is  not,  as  at  all  other  points,  re- 
•olved  into  two  rays,  but  passes  through  the  sphere  in  the  direction 
MOB,  exactly  as  it  would  pass  through  a  sphere  composed  of  an  nn- 
crfstalliied  subetanoe. 
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The  diiBMter  of  tbe  qpben  wbieh  poMeMV  Oil  pnpeHj  it  mM 
iU  MiMal  «xtS|  or  the  «n«  of  tfovM  refraedam^  bong  the  onlj  fint 
ift  tho  qdiere  along  whieh  s  ny  of  ordinaxy  li|^fe  oaa  paai  withool 
htiiig  deoompoeed  into  two. 

1249.  Lm$  rf  double  reJracHmL  —  Having  ihna  detemiined  dug 

optieal  axis  of  the  aphere,  let  na  next  examine  the  oooditioiia  whiok 

MMt  a  ray  of  lights  aoeh  aa  i  M,  which  fidla  obliquely  at  the  extrani^ 

of  each  optical  axia. 

Let  voBffg.  402.|  be  the  optical  axia  of  the  sphere.    The  laj 

I N  will  theui  aa  baa  jut  been  ex- 
plained, paaa  throodi  the  eentre  o 
to  the  point  a,  without  double  le- 
firaetion,  aa  it  wodd  throD|^  aa 
otdinaiy  medinm.  Ihe  ny  i  H, 
whieh  fidla  oblimiely  at  M,  wiD, 
howerer,  be  doomy  rafraotod,  and 
will  be  reaolTod  into  the  ordinaiy 
ray  nb,  and  the  extraordinary  ray 
N  b'.  But  this  extraordinary  ny 
N  b'  will,  in  this  case,  oonform  to 
one  of  the  laws  of  ordinary  refrao- 
tion,  for  it  will  invariably  lie  in  the 
plane  of  the  angle  of  incidence 
I N  z ;  and  so  long  as  the  anele  of 
incidence  shall  not  be  Yaried,  the 
direction  of  this  extraordinary  ray 
will  remain  the  same.  This  may 
Fig.  402.  [jQ  proved  by  causing  the  sphere  to 

fevolve  round  the  axis  n  s.  While  it  so  revolves,  the  extraordinary 
ray  n  b'  will  remain  fixed  in  its  direction,  being  always  in  the  plane 
of  the  angle  of  incidence,  and  forming  always  the  same  angle  of  re- 
finction  with  the  axis  N  s. 

If  the  incident  ray  i  n  be  varied  in  its  inclination,  so  as  to  form,  as 
before,  a  greater  angle  with  z  N,  the  extraordinary  ray  N  b'  will  also 
vary  its  inclination  to  the  axis  N  s  and  to  the  ordinary  ray  N  B.  But, 
although  it  will  remain  during  such  variation  always  in  the  plane  of 
the  anffle  of  incidence,  it  will  not  conform  to  the  invariable  ratio  of 
aines  which  constitutes  the  law  of  ordinary  refraction. 

If  we  suppose  the  incident  ray  i  n  gradually  to  approach  z  N,  so 
that  the  angle  of  incidence  continually  diminishes,  then  the  two  rays 
N  B  and  N  B'  will  at  the  same  time  approach  the  axis  N  a  and  each 
other ;  and  when  the  incident  ray  coincides  with  z  N,  the  ordinary  and 
extraordinary  rays  N  B  and  N  b'  will  coalesce  with  the  axis  N  8. 

As,  on  the  other  hand,  the  inclination  of  the  ray  I N  to  z  N  is  gra* 
dually  increased,  the  ordinary  and  extraordinary  rays  v  B  and  N  b' 
viM  also  gradually  recede  fit)m  the  axis  N  8,  so  that  their  anglee  of 
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tAutiaa  will  oontinnftlly  increase,  and  they  will  also  recede  from  each 
other. 

1250.  Positive  and  negative  crystals.  —  In  the  case  represented 
in  the  figure,  the  angle  of  refraction  of  the  extraordinary  ray  n  r'  is 
ffreater  than  that  of  the  ordinary  ray  n  r,  so  that  the  latter  is  more 
deflected  by  the  refraction  of  the  crystal  than  the  former.  This^  how- 
ever, is  not  always  the  case. 

In  some  crystals  the  angle  of  refraction  of  the  extraordinary  rays 
is  leas  than  that  of  the  ordinary  ray,  and,  consequently,  the  former  is 
more  deflected  towards  the  perpendicular  than  the  latter. 

Crystals  are  accordingly  resolved  into  two  classes,  based  upon  this 
distinction ;  those  in  which  the  extraordinary  ray  is  less  deflected  than 
the  ordinaiy  ray  being  called  negative  crystals,  and  those  in  which  it 
is  more  deflected  positive  crystals. 

It  is  evident  that  in  the  former  case  the  index  of  ordinary  refraction 
is  greater,  and  in  the  latter  less  than  the  index  of  extraordinary  re- 
fraction. 

It  must  be  observed,  that  while  the  incident  ray  varies  its  obliquity 
to  Z  N,  Increasing  gradually  from  0  to  90°,  and  while  the  index  of 
ordinary  refraction  throughout  this  variation  remains  constant,  the 
index  of  extraordinary  refraction  varies  with  every  change  of  ob- 
liquity. In  the  case  of  positive  crystals  this  index  increases,  in  the 
ease  of  negative  crystals  it  diminishes,  with  the  angle  of  incidence ; 
while,  in  all,  it  is  equal  to  the  index  of  ordinary  refraction  when  the 
ray  of  l  N  coincides  with  z  n.  It  increases  and  becomes  a  maximum 
when  I N  is  at  right  angles  to  z  n  in  positive  crystals,  it  diniinishes 
and  becomes  a  minimum  when  i  n  is  at  right  angles  to  z  N  in  negative 
ciystals. 

1261.  Jill  lines  parallel  to  the  axis  of  double  refraction  are  them* 
seheM  axes  of  double  refraction.  —  It  is  easy  to  show  that  all  linos 
passing  through  the  crystal  which  are  parallel  to  the  line  M  s  possess 
also  the  property  which  characterizes  such  axis ;  that  is  to  say,  a  ray 
which  is  incident  perpendicularly  in  the  direction  of  such  lines  will 
penetrate  the  crystal  without  double  refraction.  This  we  may  prove 
by  cutting  a  portion  of  the  crystal  in  a  direction  perpendicular  to  the 
line  N  8. 

Thus,  at  the  point  /;,  let  a  surface  p  p^he  formed,  which  shall  be 
perpendicular  to  n  s.  Then  a  ray  z  n,  falling  perpendicularly  on  such 
durmce  p  pt  will  penetrate  the  crystal  in  the  direction  n  i?  without 
double  refraction. 

1262.  Axis  of  double  refraction  coincides  with  crystallographic 
axis. — Thus  it  appears  that  the  lines  passing  through  the  crystal  paral- 
lel to  N  8  are  axes  of  double  refraction  as  well  as  the  line  N  s.  On 
comparing  the  direction  of  the  line  N  s  with  the  direction  of  the  plane* 
of  cleavage  of  the  crystal,  it  is  found  that  this  line  has  a  direction 
which  is  symmetrical  with  respect  to  all  these  planes,  and  that  it  is 
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fa  &0l  dM  Om&D  rf  dw  otyildkaq^ 

the  dimlioQ  of  whidi  bem  the  nae  lektioa  to  «U  Ihe  fiwee  of  At 

cryitiL 

12&8.  Cmm  •f  Itdmd  qNnr.— Thin  in  the  OMe  of  Ibehnd  mry 
the  primitiTe  fbnii  of  wfaoie  aoleeoke  is  thet  of  looh  %  ihonboid  as 
is  raprasented  in  J^.  408.,  the  eratslkmphie  aai 
is  the  disgooal  ▲  X  joining  the  obtnse  Mdes  of  the 
ihomb.  The  rhomb  itself  is  %  sdlii  boanded  bj  nz 
eqnsi  end  nmihr  penl]ek»nm%  whose  obtosesn^ 
BAOsndoDBSie  esdi  101^  W^  and  whose  moIs 
_  u^iff^  ABO  end  ▲  o  D  are  aoooidin|^j  esdi  78^  5'. 

FSv  UA.  ^^  ineUnation  of  the  fiwes  of  tb  rhomb,  whieh 

*  meet  at  a,  to  eadk  other  is  \^fP  h\  eonsecinently  the 

hdination  <tf  those  whieh  meet  at  b  is  74''  55'.  The  OTSt^kgraphie 
aiis  A  xis  eqoally  inolined,  not  only  to  the  three  ftoes  of  the  rfacnb^ 
whieh  meet  at  A  and  X  respeetiTelyy  Imt  also  to  its  three  edges.  The 
angles  wluoh  this  axis  makes  with  the  three  ed|^  of  the  rhomb  foraa- 
ing  the  angle  A  are  equal  to  each  other,  their  common  magnitode 
being  66°  44'  46 ". 

It  la  evident  from  this  measurement,  that  the  line  A  X  is  eymme- 
tricallj  placed  with  respect  to  all  the  elements  which  determine  the 
primitive  form  of  the  crystal,  and  we  thus  find  accordingly  a 
distinct  relation  established  between  the  optical  and  *  mineraloffical 
characters  of  this  substance,  so  that  whenever  the  direction  of  its 
erystallographic  axis  is  required  to  be  ascertained,  it  can  be  done  with- 
out any  mechanical  experiment  or  measurement,  by  merely  determin- 
ing that  direction  in  which  a  ray  of  light  incident  perpendicularly  on 
«  surface  of  the  crystal  will  pass  through  it  without  double  refraction. 
What  has  been  here  stated  with  regard  to  Iceland  spar  will,  mu- 
atiz  mutandis,  be  applicable  to  a  numerous  class  of  ciystallized  sub- 
stances, which  are  distinguished  by  the  denomination  of  crystals  having 
a  single  axis  of  double  refraction. 

In  all  such  crystals  the  erystallographic  axis  coincides  with  the 
optical  axis. 

1254.  General  description  of  the  phenomena  of  double  refraction 
in  uni-axial  crystals. — In  attempting  to  explain  the  complicated  phe- 
nomena of  double  refraction  and  other  effects  related  to  them,  much 
convenience  and  clearness  will  be  obtained  by  the  adoption  of  a 
nomenclature  indicating  the  position  of  the  axis  of  double  refraction 
in  certain  sections  of  the  crystal  analogous  to  the  well-known  circles 
used  in  geography  and  astronomy  for  expressing  the  relative  position 
of  points  on  the  earth  and  in  the  heavens.  We  shall  therefore  call 
the  extremities  of  the  axis  n  and  s  the  poles  of  the  crystal,  and  a 
section  of  the  crystal  E  P  Q  o,  Jig.  402.,  intersecting  this  axis  at  right 
angles  the  equator.  We  shall  sSao  call  all  sections  of  the  crystal  made 
uj  planes  pacing  through  the  axis  meridians. 
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» tenna  being  nndentood,  it  will  follow  that  whenever  the  plane 
of  the  angle  of  incidence  coincides  with  the  plane  of  a  meridian,  the 
angles  of  refiraction,  both  of  the  extraordinary  and  ordinary  rays,  will 
be  in  the  plane  of  the  same  meridian ;  but  the  ratio  of  the  sine  of 
the  angle  of  incidence  to  the  sine  of  the  angle  of  extraordinary  refrac- 
tion wul  not  in  this  case  be  constant. 

If  the  plane  of  the  angle  of  incidence  intersect  the  crystal  at  right 
angles  to  the  optical  axis  n  s,  and  be  consequently  parallel  to  the  lino 
ocnncident  with  the  plane  of  the  equator,  the  angle  of  extraordinary 
refiraction  will  have  its  plane  coincident  with  that  of  the  angle  of  in- 
cidence, thus  fulfilling  one  of  the  laws  of  ordinary  refraction,  as  is  the 
ease  when  the  plane  of  the  angle  of  incidence  coincides  with  the  plane 
of  a  meridian.  But  in  this  case  the  second  law  of  refraction,  which 
establishes  a  constant  ratio  between  the  sines  of  the  angles  of  incidence 
and  refraction,  is  also  fulfilled  by  the  extraordinary  ray,  so  that  when 
the  angle  of  incidence  coincides  with,  or  is  parallel  to,  the  phine  of 
the  equator,  the  extraordinary  refraction  fulfils  all  the  conditions  of 
ordinary  refraction,  although  the  extraordinary  ray  does  not  coincide 
with  the  ordinary  ray ;  the  constant  index  of  refraction  of  the  one  being 
greater  or  less  than  the  constant  index  of  refraction  of  the  other,  ao- 
oording  as  the  crystal  is  positive  or  negative. 

There  are  therefore  two  systems  of  planes  which  intersect  crystals, 
one  system  having  the  axis  of  the  crystal  as  their  common  line  of  in- 
lenection,  and  the  other  having  directions  parallel  to  each  other  and 
perpendicular  to  this  axis.  In  the  former,  one  of  the  laws  of  ordi- 
nary refraction  is  fulfilled,  and  in  the  latter  both  of  them.  In  the 
former,  the  plane  of  the  angle  of  extraordinary  refraction  coincides 
with  the  plane  of  the  angle  of  incidence,  but  the  ratio  of  the  sines  is 
not  constant ;  in  the  latter,  the  planes  also  coincide,  and  the  ratio  of 
the  sines  is  constant,  but  not  the  same  as  that  of  the  ordinary  ray. 

1255.  Table  ofum-axial  crystals,  —  The  following  is  a  table,  ac- 
eordintf  to  Sir  Bavid  Brewster,  of  the  crystals  which  have  a  single 
axb  Of  double  refraction,  arranged  under  their  respective  primitive 
forms;  the  sign  +  being  prefixed  to  those  which  have  a  positive  axis 
of  doable  refraction,  and  —  to  those  which  have  a  negative  axis  of 
doaUe  refraction. 


Sktmb  with  obitu$  tummiL 
•  Garbooata  of  lime  (Iceland  spar). 
» Carbonate  of  lime  and  iron. 

-  Carbonate  of  lime  and  magnesia. 

-  Phoephato-arsoniate  of  IomL 
-Carbonate  of  lino. 
-Nitrate  of  soda. 

-  Phosphate  of  lead. 

-  Bobj  silver. 
-Levyne. 
-ToannaUne. 


—  Rabellite. 

—  Alum  stone. 
+  Dioptase. 

+  Quartx. 

Rhomb  with  acute  iuwmiL 

—  Cornndam. 

—  Sapphire. 

—  Ruby. 

—  Cinnabar. 

—  Arseniate  of  oopper. 
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.  Idoorm, 
-Wemeritt. 

-  PanuitliiiiA. 
-Meionite. 
-SomerrilUte. 
.Sdingtonito. 
-Armiateof  y 

-  Sabphotphato  of  potMHL 

-  Photphato  of  ammonia  and  mi|* 


—  Photphato  of  lime  (apalili}. 

—  If  ephelino. 

—  Aneniata  of  lead. 
-I-  Hjdrato  of  magaodA. 

OOoktinm  wUk  a  9pmr§  hmm. 

•^  Uroon* 

•f  Oxide  of  tio. 

-I-  ToBgrtate  of  lime.  —  Snlpkate  of  niokel  and  copper. 

—  Iflellite.  —  HTorale  of  atrontiA. 

—  Moljbdate  of  lead.  -I-  ApophjUite  of  i 
^  Ootohedrite.  -I-  OzahTerite. 

—  Prnaaiate  of  potaaaa.  -f  Snperacetate  of  oopper  and  Uank, 

—  Qjamiret  of  meroiury.  -I-  Titanite. 

•I-  loe  (oertidB  eijatala). 

H.  Fbdlle^  ''  ^Itoev  de  FkTiiqae,''  lome  ii,  Pteis,  1847,  pm 
ftbo  the  following :  — 


«-  Hjdroohlorate  of  lime. 
•—  Hydroohlorate  of  strontia. 
+  Mica  de  kariat 
•f  Oxide  of  iron. 
4-  Tungstate  of  line. 


+  Stannite. 

+  Boracite. 

+  Sulphate  of  potasaa  and  iroB. 

+  Hydrosulphate  of  lime. 

+  Red  silfer. 


1256.  Crystals  having  two  axes  of  double  refraction.  —  There  if 
another  class  of  crystals  which  present  optical  phenomena  still  more 
oomplicated.  Let  ns  suppose,  as  before,  one  of  these  formed  into  s 
aphere,  and  let  its  yarious  points,  as  before,  be  brought  to  coincide 
with  the  point  of  incidence  N  of  two  rajs,  one  of  which,  z  N,  fg, 
402.,  is  directed  to  the  centre  of  the  sphere,  and  the  other  i  n  form- 
ing any  angle  with  the  latter.  By  bringing  the  varions  points  of  the 
spherical  sarfiaoe  to  coincide  with  the  point  N,  it  will  be  found  that 
two  points,  and  two  only,  upon  it  possess  the  property  of  transmitting 
the  ray  z  N,  which  falls  perpendicularly  upon  the  surftoe,  throngS 
the.  object  without  double  refraction.  The  diameters  passing  throuffh 
these  two  points  have  each  of  them  the  character  of  an  axis  of  douUtf 
refraction ;  and  the  crystals  characterized  by  this  property  are  accord- 
ingly called  crystals  with  two  axes  of  double  refraction. 

In  this  class  of  crystals  it  is  found  that  neither  of  the  rays  into 
which  the  incident  ray  is  resolved  conforms  to  the  laws  of  ordinarr 
refraction ;  that  both  deviate  from  the  plane  of  the  angle  of  inci- 
dence, and  that  neither  of  them  fulfils  the  second  law,  which  deter- 
mines the  constant  ratio  between  the  sines  of  incidence  aad  refinutioii. 

Both  rays,  therefore,  are  extraordinary  rays. 

There  are,  however,  two  planes  in  which  the  angle  of  ineidttnoe 
may  be  placed,  in  one  of  wluch  one  of  the  two  rays  aad  in  tha  <  ~ 
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the  otber  will  oonform  to  both  the  laws  of  ordinary  refraistioD,  so  that 
in  these  planes  one  or  other  of  the  two  extraordinary  rays  becomes 
an  ordinary  ray.     The  position  of  these  planes  is  determined  by  the 
following  conditions. 
Let  N  8  and  n'  s',^.  404.,  be  the  two  axes  of  double  refraction. 

Let  p  p'  be  a  line  which  divides  into 
equal  parts  the  angle  n  c  n'  formed 
by  these  two  angles^  and  let  Q  q'  be 
a  line  which  divides  into  equal  parts 
the  other  angle  n'  c  s  formed  by  the 
same  axis. 

If  a  plane  pass  through  0  perpen- 
dicular to  p  0,  any  ray  incident  upon 
the  crystal  in  that  plane  will  be  re- 
solved into  two  rays,  one  of  which 
will  conform  to  the  laws  of  ordinary 
refraction;  and  if  a  plane  be  drawn 
perpendicular  to  the  line  qq',  any 
ray  incident  upon  the  crystal  in  that 
plane  will  be  resolved  into  two,  one 
of  which  will  also  conform  to  the  laws  of  ordinary  refraction,  and 
the  ra^  which  thus  becomes  an  ordinary  ray  in  the  one  plane  will 
be  different  from  that  which  becomes  an  ordinary  ray  in  the  other 
plane. 

1257.  Table  of  hi<ixial  crystals,  —  The  following  list  of  crystals 
hftTiiu^  two  axes  of  double  refraction,  with  the  magnitude  of  the  angle 
inohi£d  between  such  axes,  is  given  by  M.  Pomllet  in  the  work  al- 
leadj  cited. 


Fig.  404. 
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VsBMf  of  Sulataiieot.  Ani^  of  Ajdk 

•      t 

Balpliate  of  nickel  (certain  samples) 8    0 

Bvlpho-carbonate  of  lead «    « 

Carbonate  of  strontia 6  56 

Carbonate  of  baryta "    «< 

Nitrate  of  potassa 6  20 

Ifiea  (certain  samples) 6    0 

Talo 7  24 

Peart 11  28 

Hjdrate  of  baryU 13  18 

Miea  (certain  samples) 14    0 

Arragonite 18  18 

Pmsaiateof  potassa 19  24 

Mioa  (oertain  samples) 25    0 

(^opbane 27  51 

Anhydrite 28    7 

Bow 28  4« 

80  7W 


UQwr. 


IOm  (w&ffnl  tamplet  «£&&aiA«d  bj  M.  BlDt>* 


81  « 

33  e 

M  4 

t»7  0 

Apcphjrlttte ,, „ 3S  a 

6atphBt«  of  iniv|piMi4  «««&».»•  *»«UT«44M»ip*44*p*r « mm,  *„„,.»*•*»  87  Si 

Ealphftte  of  buryta 4M.T,*.,t..,H.Hi..« ., ^ ^  S7  4ft 

£^p«rjnj^cet)  (about)  .,«^,«,«w>>«.„.,.,«,,«„,«^,««4i ,.,i».,i»** ««^««  &7  43 

nciriit  (nfttWe) 8848 

Nitmt*  or  line 40    0 

Sti]bitQ.. 41  42 

Stilplmt*  of  nipkd..  42    i 

CarbotiAte  of  Ammonlft         48  24 

Sulpbitfi  of  smo. • 44  28 

Anh  j clrit«  {oxtLminod  bjr  M.  Blot)  44  21 

Mkn 45    0 

LepidoUie.* 45    Q 

BtBWMlto  of  MUM)BW)«» ••••••  ••••••••  •••••••••  45     8 

8olphal«  of  aodft  And  magaetU ^ 46  49 

Sulphate  of  ammonia 49  42 

Braxilian  topax 49  to  50    0 

6"f^ar 60    0 

Sulphate  of  •trtmtia..  60    0 

Sulpho-bjdrachloratt]  of  inft^D««]a  ai><I  iron 61  10 

&u]pbfit«  of  mn^e^m  And  ammonia....     61  22 

Tbp'ipTinte  (>f  BoJa*-»* 66  20 

Comptonite 66    6 

Snlphate  of  lime 60    0 

Oi>-niU-itl(^  of  Bilrer 02  16 

XpYne 62  60 

JflM.=fpar..  68     0 

Abenlcpo  topri      06     0 

Bulpbatc  of  potiias* 07    0 

CarboDiite  of  a<Kia 70    l 

Acetate  of  lead 70  26 

Citric  acid 70  29 

Tartrate  of  potass  It  nnd  soda 80    0 

Carbonate  of  potuMa 80  80 

Cyanite 81  46 

Chlorate  of  potassa 82    0 

Epidote 84  19 

Hj-Jri^rUlorato  of  copper 84  80 

Peridot 87  66 

Saccinio  acid gO    0 

Salphate  of  iron 90    0 

1258.  Images  formed  hy  double  rtfracting  crt/staU.  -  If  a  visible 
object  bo  plac^  behind  a  double  refracting  crystal,  tbe  pencil  of  rays 
proceeding  from  each  point  in  it  will  be  resolved  into  two  pencils,  and 
will  emerge  from  the  vryhUil  as  if  they  had  proceeded  from  two  differ- 
ent objects  in  directious  corr^spgoding  to  the  respoctive  directions  of 
die  two  pencils. 
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An  eycr,  tfiercfore,  placed  before  the  crystal,  so  as  to  receive  these 
ewterging  peDcils  will  see  two  different  images  of  the  object,  corre- 
B)K)Daing  to  the  two  systems  of  pencils.  If  the  crystal  bo  one  having 
ft  angle  axis  of  doable  refraction,  then  one  of  these  iniages  will  be 
that  prodaced  by  the  pencils  consisting  of  ordinary  rays,  and  the  other 
will  be  that  prodoced  by  pencils  consisting  of  extraordinary  rays. 

1259.  Ordinary  and  extraordinary  inuige,^Tht  one  is  caUed  tl  e 
oidinary,  the  other  the  extraordinary  image. 

Thus,  if  Py^.  405.,  be  soch  an  object,  and  A  b  o  d  be  a  doab!; 

refracting  crystal,  such  as 
Iceland  spar,  the  pencils 
which  proceed  from  P  and 
are  incident  upon  the  sur- 
face B  c  will  be  divided  into 
two  systems  of  pencils,  the 
axis  of  the  ordinary  sys- 
tem passing  perpendicularly 
through  the  crystal  in  the 
direction  I  o,  and  emerging 
on  the  other  side  in  the 
same  direction,  so  as  to  meet 


Fig.  405. 


the  eye  at  t.  The  extraordinary  pencils  will  follow  the  direction  i  b 
throQgh  the  crystal,  and  will  emerge  parallel  to  the  ordinary  pencil 
in  the  direction  e  T',  so  as  to  reach  the  eye  at  t'.  An  eye  placed 
therefore  at  any  point,  in  looking  towards  the  crystal,  will  perceive  two 
images  of  the  point  p  in  juxtaposition  in  the  direction  of  Uie  rays  t^  b 
and  TO. 

1260.  The  separation  of  the  images  dependent  on  the  thickness  of 
Ike  crystal.  —  It  is  evident  that  the  thicker  the  crystal  is,  the  more 
widely  separated  will  be  these  two  images. 


B 
E I.^, ft 2 X 


Fig.i06. 
V 
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pradaee  a  diiCioei  Mpnifini  of  tks  two 
btflBg  ft  dkaaler  of  ooe-lUid  of  n  indi 

Ifwhilethooljoeiaiid  llM«yoMMmfaad,dio<  ^ 
lomid  the  Bne  P  T»  joining  the  eye  end  the  objeel  ae  in  i 
tnordinaiT  image  wm  i^ypeer  to  tevobe  loond  the  oni 
■howtnf  that  in  thii  oeie  the  eztnoidinny  peMfl  I B  nn 
die  oidinerj  pencil  I  o,  so  as  to  moie 
sAet  is  in  oonfiinnitT  with  whai  hse  1 


!( after  pasring  thioa^  a  orjatalABOi),^ 
neebed  hjeaother  orjstel  aa'd'd,  whose 
position  similar  to  those  of  the  fint^  the  two  eiTstah  bsiiig  in  < 
at  the  sniliMe  ▲!>,  the  ordinarj  and  eztraorainaiT  njs  will  pam 
Ihioai^  the  seeood  eirpM,  following  the  same  dneetMMi  as  thorn 
whidi  thej  IbOowed  in  the  first  ojatsly  the  linesooT  and  xif  bong 
the  eontinmition  of  ^  fines  i  o  and  i  x. 

1261.  CSese  tn  wUek  iwo  similar  ajsiah  ntafraliw  eodl  slAfr. — 
If  the  two  erjitals  in  this  oase  have  the  same  thiekness,  then  the 
effect  will  be  that  the  rays  e'  t'  and  &  y  emergiog  from  the  second 
will  be  separated  by  a  space  twice  as  great  as  that  bj  which  they  were 
separated  in  passing  through  the  first  crystal. 

If  the  second  crystal,  instead  of  having  been  placed  upon  the  first 
crystal  so  that  its  corresponding  sides  shall  have  the  same  direction, 
be  placed  upon  it  so  that  they  shall  have  contrary  directions,  as  repre- 
sented in  Jig,  407.,  then  the  second  crystal  will  have  the  effect  of 
causing  the  reunion  of  the  two  pencils  separated  by  the  first  crystal. 


and  the  ordinary  and  extraordinary  rays  will  accordingly  emerge  from 
the  same  point  o'  of  the  second  crystd  in  the  same  £rection,  so  that 
an  eye  placed  at  t  will  see  but  one  image  of  the  object  p.  In  this 
ease  the  ordinary  ray  follows  the  direction  p  i  o  o'  t,  and  the  extraor> 
^Qiaij  nj  follows  Uie  direction  p  i  v  o'  t.     Thus,  the  separation  dT 
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die  nja  tikes  place  only  in  ptanng  through  the  crfstals,  the  reunion 
being  established  at  the  point  of  emergence  o'  from  the  second  crystal. 

1262.  Cases  in  which  /<mr  images  are  formed  by  the  eomkituh 
Horn  of  two  similar  crystals,  —  If  we  suppose  the  second  crystal, 
▲  A'  ix  i>f^g-  406.,  to  be  turned  round  the  line  P  i  o  t  as  an  axis,  the 
moment  i(  moves  from  the  position  represented  in^^.  406.,  the  ordi- 
nary and  extraordinary  rays  l  o  and  J  e  incident  upon  it  from  the  first 
eiystal  will  be  each  doubly  refracted,  so  as  to  be  resolved  into  four 
rays,  and  thus  an  eye  placed  at  t  would  see  four  images  of  the  point 
P.  As  the  second  crystal  is  gradually  turned  round,  these  four  images 
■asame  a  series  of  different  positions  with  relation  to  each  other,  and 
also  have  different  degrees  of  brilliancy.  After  the  crystal  has  made 
ODe  half  a  revolution  and  assumed  the  position  represented  in  Jig. 
407.,  all  these  four  images  unite  in  one.  In  the  position  intermediate 
between  these  two,  that  is  to  say,  when  the  second  crystal  has  made 
a  quarter  of  a  revolution  round  the  line  p  i  o  T,  then  the  four  images 
will  be  reduced  to  two,  which,  however,  will  have  a  different  position 
relative  to  the  line  A  d  from  that  which  the  images  produced  in  the 
position  represented  in  Jig,  406.  have. 

1263.  Their  successive  positions,  —  The  successive  positions  as- 
somed  by  the  four  images  during  the  half  revolution  of  the  second 
crystal  between  the  position  represented  in_^.  406.,  and  that  repre- 
sented in  Jig,  407.,  are  given  in  ^g,  408.,  where  b  represents  the 
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Fig.  408. 

position  of  the  images  corresponding  to  Jig,  406.,  and  k  to^^.  407. ; 
f  represents  their  position  when  we  second  ciystal  has  made  one- 
fourth  of  a  revolution ;  o,  d,  and  s  represent  three  successive  positions 
of  the  images  in  three  equally  distant  stases  of  the  first  quarter  of  a 
revolution;  and  o,  H,  and  i  represent  £eir  respective  positions  in 
three  equally  distant  stages  of  the  second  quarter  of  a  revolution. 
The  relative  brilliancies  of  the  images  are  indicated  by  the  shading  of 
the  dots,  the  dark  dots  being  understood  to  represent  greater  brilliancy 
than  the  shaded  ones. 

1264.  Position  of  axes  different  for  different  coloured  lights  in 
hi-axial  crystals.  —  In  uni-axial  crystals  the  axis  has  the  same  posi* 
tion,  whatever  be  the  colour  of  the  light,  but  in  bi-axial  crystals  the 

Sntion  of  the  axes  is  different  for  different  coloured  lights.     Sir  John 
ersohel  found  that  in  tartrate  of  potassa  and  soda  (Kochelle  salts), 
their  inclination  for  violet  light  was  56^,  and  for  red  light  76^.     In 
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oHmt  erjibliyiDdi  ti  nhn^diair  jndinalion  ftr  mbtwM  gmfter 
tliui  lor  nd,  bat  in  all  ctaw  the  iziB  lor  all  ooloiind  fight  in  the  bum 
flfyital  are  in  the  nae  pkuM.  Sir  DaTid  Bvewiter  mod  that  glan- 
beriike  had  two  axes,  for  red  lights  inclined  at  an  an|^  of  bO^,  and 
only  one  for  violet  li^t  The  aame  eminent  philoeo^er  fbond  that 
in  the  ease  of  analoine  there  were  aereral  planea  along  which  there 
waa  no  doable  refraction,  however  varioaa  the  anf^e  of  inoidenoe  mig;ht  * 
'  be,  BO  that  that  anbatanoe  might  be  oonaidered  aa  having  an  infiidte 
number  of  axea  of  doable  rometion. 

1265.  Doubly  rtjraeiing  strueha^e  produeed  ^  artifiemi  pnh 
cetaea.  — The  pronerty  of  doaUe  refraction  may^  in  aome  eaaea  be  im* 
parted  hy  artindal  proeeaaca  to  aabatanoea  whieh  do  not  natorallj 
poaaeaa  it  If  a  cylinder  of  fflaaa  be  brooffht  to  a  red  heat^  and  held 
upon  a  plate  of  metal  nntil  it  oecomeB  cdd,  it  will  acquire  the  doaUy 
refractinff  propertVi  the  azia  of  the  cylinder  being  a  aingle  poeitive 
azia  of  fmble  renaction.  Thia  azia  difiera,  however,  ftoni  the  poai- 
tive  azia  of  cryatallintion,  becanae  in  thia  caae  it  ia  a  aingle  line, 
while  in  the  ci^atal  the  linea  parallel  to  it  are  eooally  azea  of  doable 
refraction.  Sir  David  Brewster  says,  that  it  instead  of  heating 
the  cylinder  it  had  been  immersed  in  a  vessel  of  boiliDg  water,  it 
would  have  acquired  the  same  doubly  refracting  virtue  when  the  heat 
had  reached  its  axis,  but  that  the  property  would  not  be  permanent, 
disappearing  when  the  cylinder  should  become  uniformly  heated.  Also 
if  the  cyliuder  were  uniformly  heated  in  boiling  oil,  or  at  a  fire  so  as 
not  to  soften  the  glass,  and  had  been  placed  in  a  cold  fluid,  it  would 
acquire  a  temporary  doublv  refracting  virtue  when  the  cooling  had 
reached  the  axis ;  but  in  this  case  the  axis  would  be  a  negative  one, 
instead  of  a  positive,  as  in  the  former  case. 

According  to  him  some  other  analogous  structures  may  be  produced 
by  pressure,  and  by  the  induration  of  soft  solids,  such  aa  animal 
jellies,  isinglass,  &c. 

If  the  cylinder  in  the  preceding  explanations  is  not  a  regular  one, 
but  have  its  section  perpendicular  to  the  axis,  every  where  an  ellipse 
in  place  of  a  circle,  it  will  have  two  axes  of  double  refraction. 

In  like  manner,  if  we  use  rectangular  plates  of  glass  instead  of 
cylinders,  as  in  the  preceding  experiment,  we  shall  have  plates  with 
two  planes  of  double  refraction,  a  positive  structure  being  on  one  side 
of  each  plane,  and  a  negative  one  on  the  other. 

If  we  use  perfect  spheres  there  will  be  axes  of  double  refraction 
alon^  every  diameter,  and  consequently  an  infinite  number  of  them. 

The  crystalline  lenses  of  almost  all  animab,  whether  they  are  lenses, 
spheres,  or  spheroids,  have  one  or  more  axes  of  double  refraction. 
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CHAP.  XIX. 

POLARIZATION  OF  LIGHT. 

1266.  Characteristic  frroperiy  of  polarized  light,  —  When  a  ray 
of  light,  whether  natural  or  artificial,  nas  been  submitted,  under  pecu« 
liar  oondiUons,  to  reflection  or  refraction,  it  is  then  in  a  state  in  which 
it  acquires  new  properties,  and  is  denominated  polarized  light;  and 
the  process  by  wnioh  this  modification  in  the  ray  is  effected  is  called 
polariiation. 

To  render  the  properties  by  whieh  polarized  is  distinguished  from 
unpolarixed  or  common  light  clearly  intelligible,  let  us  imagine  a  ray 
of  light  admitted  into  a  dark  room  through  a  hole  in  the  window- 
shutter^  so  as  to  pass  in  a  horizontal  direction.  Supposing  such  a  ray 
to  be  cylindrical,  let  its  section,  made  by  a  vertical  plane, 
^P^       be  represented  by  the  circle  a  o  B  d,  J^.  409. 

^__\^  This  ray,  if  it  were  common  or  unpolarized  light, 
•^T        y®  would  be  reflected  or  refracted  in  exactly  the  same  man- 

^^  ;^  ner,  and  according  to  the  common  laws  of  reflection  and 
reflection  already  explained,  on  whatever  side  of  it,  and 

Fig.  409.  at  whatever  an^e  with  it,  the  reflecting  or  refracting 
surfiice  might  be  presented. 

If,  however,  the  ray  Ik»  polarized,  the  effects  will  be  different 

Let  a  plate  of  glass  be  blackened  on  one  side  so  that  when  used  as 
a  reflector  no  light  will  be  reflected  from  its  posterior  surface.  Such 
a  plate  will  therefore  reflect  light  only  from  one  surface,  which  will 
be  its  anterior  surface.  This  precaution  is  necessary  in  the  cases  now 
to  be  examined,  in  order  to  prevent  the  effects  which  would  ensue 
from  the  oombination  of  the  rays,  which  would  otherwise  be  reflected 
from  both  the  anterior  and  posterior  surfaces  of  the  glass. 

Let  such  a  plate,  so  prepared,  be  presented  to  the  polarized  ray  at 
an  angle  of  incidence  of  54^  85',  so  that  the  plate  shall  make  with 
the  ray  an  angle  of  35^  25^;  and  let  it  be  turned  round  the  ray,  so  as 
to  be  presented  on  every  side  of  it,  still  forming,  however,  the  same 
angle  with  it  Purine  this  process,  it  will  be  curved  that  there  is 
a  certain  direction  of  tne  plane  of  the  angle  of  incidence  at  which  no 
reflection  will  take  place ;  the  ray  will  ho  absorbed  or  extinguished, 
so  to  speak,  by  the  reflecting  surface.  The  plane  of  incidence  will 
have  this  direction  in  two  opposite  positions  of  the  reflector. 

Let  the  line  d  o,Jig.  409.,  represent  this  position  of  the  plane  of 
incidence :  then  d  and  c  will  be  the  two  opposite  sides  of  the  ray,  at 
which  the  reflector  being  presented  will  cause  the  extinction  of  the 
light.  Now  as  the  reflector  is  carried  round  from  either  of  these 
positions  respectively,  so  that  the  plane  of  the  ancle  of  incidence 
shall  turn  round  the  axis  of  the  ray,  reflection  will  begin  to  take 
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[  wH  incroMB  in  mtennty  vnlfl  dw  pbne  of  die  n^rf 
teke  ft  poatiooi  midi  as  ▲  b,  at  li^t  an^fli  to  d  c,  whea 
the  intenstf  of  tna  lefieeCkm  will  be  a  iiiaziiMniL  Aft^  V"^ 
tibia  poaition,  the  intenaitjr  of  the  leflectim  will  agnn  diminish,  and 
will  eontiniie  to  deonaae  until  the  plane  of  the  an^  of  iwadenoe 
ritfJl  agun  eoineide  with  the  diameter  D  a 

It  ia  efident^  theiefiHrey  thai  diftieni  aidea  of  aoeh  a  laj  hafe  &> 
ftnnt  ptopcrtiea.  Thna,  the  aidea  ▲  and  b  have  a  aoaeqptibililj  of 
Mac  fciecled,  of  whidi  the  aidea  D  and  care  deprived;  andthen^ 
eeptuilit^  of  vedeclion  diminiahea  giadnallj  in  going  raond  the  iiy 
finm  cither  ▲  or  b  towarda  o  or  n,  when  it  altogether  eeaaea. 

A  plane  paawn^  throorii  the  azia  of  the  ny  and  onincMhug  with 
die  diametw  ▲  b  la  called  the  plane  of  polariiatioo. 

It  ia  eiidaiti  thereArey  firom  what  naa  been  ezphine^  that  whn 
the  idector  ia  ao  pnaented  to  the  my  thai  the  plane  of  the  ande  of 
inmdenee  ahaU  eoSaeUte  widi  die  plaiM  of  pohni^ 
tike  phwe  widi  die  graaleat  intennty^  and  thai  when  Ab  plane  td  the 
Mirie  of  incidenee  ia  ai  rUht  an^^  to  the  plane  of  polazintionj  no 
reflection  takes  plaoe,  and  Uie  my  is  extinguished. 

1267.  •imgU  of  poIarixatUm, — If,  instead  of  glass,  any  other  re- 
flecting surfiue  be  osed,  like  effects  would  be  produced ;  only  that  the 
angle  at  which  it  would  be  necessary  to  present  the  reflecting  surface 
to  the  ray  would  be  different^  each  species  of  reflector  baving  its  own 
particular  angle. 

This  angle  is,  for  reasons  which  will  be  hereafter  explained,  called 
the  angle  of  polariation. 

1268.  Polariscopes.  —  Instruments  called  PoIarUeapes  adapted 
fer  the  expcrimenUd  illustration  of  the  phenomena  of  polarixationi 
hare  been  constructed  in  various  forms. 

One  of  the  most  convenient  for  the  purposes  of  elementaiy  explana- 
tion consists  of  several  detached  pieces,  which  are  represented  in  Jig. 
410.  A  B  is  a  brass  tube  like  that  of  a  telescope,  along  the  axis  of 
which  the  polarized  pencil  to  be  submitted  to  examination  is  trans- 
mitted, c  is  a  short  tube  capable  of  being  inserted,  after  the  manner 
of  telescopic  tubes,  in  the  main  tube  at  a.  This  tube  o  carries  a 
plane  reflector  D,  of  the  blackened  glass  already  described,  which  is 
capable  of  being  turned  on  pivots,  and  is  supplied  with  a  double  scale 
and  index,  by  which  the  angle  it  makes  witb  the  axis  of  the  tube  can 
be  regulated  at  pleasure.  By  turning  the  tube  c  round  its  axis,  the 
plane  of  the  reflector  d  may  be  presented  suooessively  on  every  side 
of  the  axis  of  the  main  tube. 

A  diaphragm  is  fixed  in  the  tube  at  d,  having  a  circular  hole  in 
Ua  oentre,  to  limit  the  magnitude  of  the  transmitted  pencil.  The 
pieoes  b,  r,  o,  and  h,  are  severally  capable  of  being  inserted  in  the 
ends  of  the  tube,  and  of  being  turned  round  in  the  same  manner  as 
nfaeady  deeoribed  with  relation  to  the  piece  c  inserted  at  the  end  A. 
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Fig.  410. 

The  short  tabe  E  carries  a  plane  reflector  r,  similar  to  that  already 
described^  which  is  capable  of  being  adjusted  at  any  desired  angle 
with  the  axis  of  the  tube.  The  tu^  f  contains  a  doubly  refracting 
prianii  the  tube  a  contains  a  thin  disk  of  tourmaline  with  parallel 
ho&Bj  80  cut  that  the  optic  axis  is  parallel  to  these  faces.  In  fine,  the 
tube  H  contains  a  bundle  of  plates  of  glass,  with  parallel  surfaces 
placed  in  contact  with  each  other,  and  inclined  obliquely  to  the  axis 
of  the  tube. 

All  these  pieces  bebg  severally  inserted  in  the  tube  A  b  can  be 
tamed  round  its  axis,  so  that  the  reflector  B,  or  the  prism,  or  the 
toormaline  o,  or  the  included  plates  H,  may  be  severally  presented  in 
succession  on  all  udes  of  the  ray  transmitted  along  the  axis  of  the 
tube  AB. 

1269.  Polarization  hy  reflection,  —  Let  the  tube  o,  fig,  410., 
oanryinff  the  reflector  d,  be  inserted  in  the  main  tube  a,  and  let  a 
plate  of  blackened  glass  be  inserted  in  the  frame  D,  as  already  de- 
scribed. Let  the  8j)paratus  be  so  adjusted  that  when  a  ray  of  lieht 
Mling  upon  the  plate  D  at  an  angle  of  incidence  equal  to  54^  35  is 
leflected,  the  reflected  ray  will  pass  along  the  axis  of  the  tube  A  b. 
Sodh  a  ray  will  be  polarized,  and  the  plane  of  its  polarization  will 
eoincide  with  the  plane  of  the  angle  of  incidence  upon  the  plate  d. 

To  prove  this,  let  the  tube  b  carrving  the  reflector  r  be  inserted 
in  the  end  b  of  the  main  tube,  and  let  the  reflector  r  be  adjusted  so 
that  the  ray  which  passes  along  the  axis  of  the  tube  shall  fall  upon  it 
at  the  same  angle  of  incidence,  54^  35',  as  represented  in^.  411. 


Fig.  411. 
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J{  Uie  tube  s  be  lo  plaoed  ihat  the  plane  of  Oe  ande  of  inodenfle 
inxm  the  leleetor  E  shall  ooiiiflide  with  the  plane  of  &e  angle  of  in- 
oidenoe  on  the  refleetor  D,  then  the  ny  coming  along  the  axis  of  tiie 
tube  will  be  reflected  ftt>m  b  with  the  |preatest  poenble  intenaty.  If 
the  tube  s  be  then  torned  roand  within  the  tabe  B,  so  as  to  preeeot 
the  reflector  a  snocesnTely  on  diflferent  odes  of  the  raj  which  pasBet 
along  the  ans  of  the  tabe,  it  will  be  Ibnnd  that  when  the  refleetor  e 
aasomes  such  a  pontion  that  the  plane  of  tie  ande  of  incidence  upon 
•  it  is  at  right  angles  to  the  plane  of  the  angle  of  incidenoe  upon  the 
itfflector  D|  no  reflection  will  take  jiMce,  and  the  ny  wfll  be  extiii- 
gnished. 

It  follows,  therafbrei  fipom  this,  firsts  thai  the  ray  paasbg  along  the 
axis  of  the  tabe  is  polariied;  and,  secondly,  that  its  plane  of  pohxm^ 
Am  cdnddes  with  the  plane  of  the  angle  of  inoidenee  of  the  ori(pnal 
ray  npon  the  reflector  D. 

If,  instead  of  a  Uaokened  (^ass,  any  other  refleotmg  sorflwe  were 
plaoed  in  the  frame  D,  the  same  effiwts  woold  ensne;  bat  the  ang^ 
of  incidence  upon  such  sor&oe  which  would  prodoce  polarisation, 
would  be  different  for  different  surfaces. 

1270.  Method  of  determining  the  polarizing  angle  for  different 
reflecting  mrfaces.  —  It  was  discovered  by  Sir  David  Brewster  hj 
observation,  and  afterwards  confirmed  by  theory,  that  the  polarising 

angle  for  any  reflecting  sur&oe  is 
that  angle  of  incidence  which, 
being  added  to  the  corresponding 
angle  of  refraction,  supposing  the 
rey  to  enter  the  medium,  would 
make  up  the  sum  of  90^.  Thus, 
if  A  B  0  T>,fig.  412.,  be  a  transpa- 
rent medium  bounded  by  parallel 
surfaces  a  b  and  o  D,  and  if  p  i  be 
a  ray  of  light  incident  upon  it  at 
such  an  angle  of  incidence  p  t  r 
that  the  angle  of  refraction  e  i  f' 
corresponding  to  it  shall,  when 
added  to  FIP,  make  90^,  then 
the  angle  P  i  F  will  be  the  polar- 
izing angle,  and  a  ray  incident  at 
such  angle  and  reflected  from  i  in  the  direction  i  p'  will  be  polarized. 
It  is  easy  to  show  that  in  this  case  the  directions  of  the  reflected 
ray  i  p'  and  the  refracted  ray  i  e  are  at  right  angles;  for  we  have 

PIP  +  PIB  =  90^ 

And  since  P  l  b  is  equal  to  p^  i  a,  we  shall  have 

FIP  +  p'iA  =  90^ 
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Bni  nnoe  VIP  +  bip'  =  90°,  it  follows  that 

P'lA  =  BIP'. 

If  to  both  of  these  we  add  the  angle  a  i  B,  we  shall  have  the  angle 
P^IB  equal  to  the  angle  A  if';  but  since  A  if'  is  90^^  the  angle 
p' IB  will  be  also  00^ 

The  angle  of  polarisation  is  therefore  determined  by  the  condition 
that  the  reflected  ray  i  f^  shall  be  at  right  angles  to  the  direction  it 
would  have  pursued^  had  it  been  reflected  instead  of  refracted  at  i. 

It  is  easy  to  show  that  when  the  ray  I B  emerges  from  the  lower 
Bur&oe  in  the  direction  B  q',  parallel  to  P  i,  it  will  be  at  right  an^es 
to  the  direction  it  would  have  taken,  if,  instead  of  passing  through 
the  8ur&oe  at  b,  it  were  reflected  from  it  in  the  direction  b  q;  lor 
since  B  (/  and  B  D  are  respectiyely  parallel  to  P  i  and  b  i,  the  angle 
D  B  q'  is  equal  to  the  angle  p  i  B,  or,  what  is  the  same,  the  angle 
p^  I  A,  or^  in  fine,  to  the  angle  b  i  f'. 

But  the  angle  l  b  f'  is  equal  to  the  angle  Q  b  d,  therefore  the  angles 
BIf"  and  ibf'  taken  together,  are  equal  to  the  angle  QBQ';  and 
nnee  the  former  are  eauaf  to  90%  q  b  q'  is  a  right  angle.  Hence  it 
follows  that  the  ray  r&  also  falls  upon  the  surface  D  0  at  B  at  the 
angle  of  polarization,  since  it«  directions  reflected  and  refracted  are  at 
right  angles. 

It  follows  from  what  precedes,  that  the  polarizing  angle  correspond- 
ing to  any  Boxface  separating  two  media  is  that  angle  whose  trigono- 
metrical tangent  is  equal  to  the  index  of  refraction;  for  since  the 
■n^e  B  I  F'  IS  the  complement  of  the  angle  f  i  p,  the  sine  of  F  i  p 
divided  by  the  sine  of  b  i  f'  will  be  equal  to  the  tangent  of  the  imgle 

F  J  P. 

Thufli  whenever  the  index  of  refraction  for  any  medium  is  knowny 
the  polarizing  angle  for  Uie  sur&oe  of  such  medium  can  be  deter* 
miaed ;  and  whenever  the  polarizing  angle  can  be  found  by  observa- 
tion,  the  index  of  refraction  may  be  inferred. 

Since  the  indices  of  refraction  for  the  difierent  component  parts  of 
K^  li^t  are  different^  it  follows  that  the  polarizing  angle  for  each 
qpadea  of  homogeneous  light  will  also  be  different 

1271.  Table  showing  the  polarizing  angle  of  certain  media. — Sir 
David  Brewster  gives  the  following  table,  showing  the  polarizing  angles 
corresponding  to  the  mean  and  extreme  rays  for  the  undermentioned 
tnnsparent  media : — 
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Water.  •••••••••  •.••M...  • 

Plate  |AaM. ^ 

Bed  rayi. 

Mean  raya.... 

Violet  raya... 
Bed  raya...... 

Mean  raya.... 

Violet  raya... 

Bed  r^yt. 

Mean  raya.... 
Violet  raya... 

bdMEOT 

»*J5J^    ■■t.BdteMfcM 

1-880 
1-886 
1-842 
1-616 
1-626 
1-686 
1-697 
1-642 
1-687 

&     4 

68  11 
68  10 
66  84 
66  46 

66  66 

67  67 

68  40 
60  21 

0  f 

16 
21 

1  24 

on  of  eaada 

1272.  J^edf  of  rejketiam  om  polarised  UghL — If  ft  ist  of  pokr- 
iied  light  m  incident  upon  any  plane  reflecting  BU&ee,  the  position 
of  the  plane  of  ite  polanialion  iinll  in  general  be  changed  after  re* 
flcctioD,  and  will  be  turned  more  or  less  towards  the  plane  of  the 
angle  of  incidence.  If  the  angle  at  which  the  ray  is  incident  be  equal 
to  the  polaricio^  angle,  then  the  plane  of  polarization,  whatever  may 
be  its  position  m  the  incident  ray,  will  coincide  with  the  common 
plane  of  incidence  and  reflection  in  the  reflected  ray,  so  that  the  cfiect 
of  reflection  will  be  to  turn  this  plane  round  the  axis  of  the  ray  through 
the  angle  formed  by  it  with  the  plane  of  incidence. 

If,  however,  the  an^le  at  which  the  ray  is  incident  be  not  equal  to 
the  polarizing  angle,  then  the  plane  of  polarization  will  not  be  turned 
entirely  round  to  coincide  with  the  phme  of  the  angle  of  inddenoci 
but  will  be  turned  towards  that  plane,  so  that  the  angle  formed  by 
the  plane  of  polarization  of  the  reflected  ray  with  the  plane  of  in- 
cidence will  be  less  than  the  angle  formed  by  the  plane  of  the  angle 
of  polarization  of  the  incident  ray  with  the  same  plane. 

The  angle  through  which  the  plane  of  polarization  is  thus  turned 
will  depend  upon  the  relation  which  the  angle  of  incidence  bears  to 
the  polarizing  angle. 

If  the  ray  be  incident  perpendicularly  upon  the  sur&ce,  no  change 
will  take  place  in  the  position  of  the  plane  of  polarization,  that  of  the 
reflected  ray  coinciding  with  that  of  the  incident  ray.  If  the  angle  of 
incidence  be  very  smtul,  then  the  plane  of  polarization  of  the  reflected 
ray  will  be  slightly  turned  towards  the  plane  of  incidence,  and  it  will 
be  more  and  more  turned  towards  it  as  the  angle  of  incidence  ap- 
proaches to  equality  with  the  polarizing  angle.  When  they  are  equiU| 
the  pkne  of  polarization  will  coincide  with  the  plane  of  the  angle  of 
incidence.  When  the  angle  of  incidence  exceeds  the  anele  of  polar- 
ixation,  the  plane  of  polarization  of  the  reflected  ray  wLQ  be  turned 
from  Uie  plane  of  the  angle  of  incidence,  and  on  the  other  side  of  it ; 
Mnd  it  will  continue  to  m  tamed  fxom  it  more  and  more  as  the  anda 
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of  incidence  la  iDcrcaaed,  until  it  becomes  a  right  angle.  All  these 
phenomena  can  be  illustrated  experimentally  by  means  of  the  polar- 
iBOopio  apparatus  already  described,  the  pluie  of  polarization  beinff 
always  capable  of  being  determined  by  the  means  already  ezplaine<L 

1273.  Effects  of  ordinary  refraction  on  polarized  light, — When 
a  ray  of  polarized  light  enters  any  transparent  medium,  the  plwe  of 
its  polarization  is  changed  after  refraction,  and  is  turned  from  tie 
plane  of  the  angle  of  incidence  more  or  less,  according  as  the  angle  f 
incidence  differs  more  or  less  from  the  polarizing  angle.  The  efifect,'^ 
therefore,  of  refraction  on  the  plane  of  polarization  is  contrary  to  that 
produced  by  reflection.  The  more  nearly  the  angle  of  incidence  ap- 
proaches to  equality  with  the  polarizing  angle,  the  more  nearly  will 
the  plane  of  polarization  in  the  refracted  ray  be  turned  to  a  direction 
at  right  angles  to  the  plane  of  incidence ;  and  if  the  angle  of  incidence 
be  absolutely  equal  to  the  polarizing  an^le,  then  the  plane  of  polar- 
ization of  the  refracted  ray  will  be  at  right  angles  to  the  plane  of  in- 
cidenoe,  whatever  may  have  been  its  position  in  the  incident  ray. 

It  follows,  therefore,  that  if  the  plane  of  polarization  of  the  inci- 
dent zay  be  at  right  anffles  to  the  plane  of  incidence,  it  will  suffer  no 
change  by  refraction ;  but  the  further  it  departs  from  this  direction 
the  mater  will  be  the  change  produced  upon  it  by  refraction. 

1274.  Composition  of  unpolarized  light. — It  was  first  suggested 
by  Sir  D.  Brewster,  and  since  confirmed  by  theonr,  that  a  ray  of  or- 
dinary or  unpolarized  b'ght  consists  of  two  rays  polarized  in  planes  at 
riffht  angles  to  each  other,  the  absolute  direction  of  these  planes  beinff 
arbitrary.  When  such  a  ray  is  perfectiy  polarized,  these  planes  of 
poluiiation  are  made  to  coincide,  either  or  both  being  turned  round 
the  axis  of  the  ray. 

Polarized  rays,  may,  however,  also  be  obtained  from  a  ray  of  natu- 
ral li^t,  either  by  resolving  the  ray  into  the  two  pencils  of  which  it 
consists,  and  exhibiting  them  separately  polarized  in  planes  at  right 
angles  to  each  other,  or  by  eztinguishiDg  one  of  the  two  rays,  and  not 
tiie  other. 

1275.  Polarization  by  double  refraction.  —  A  doublv  refracting 
crystal  supplies  the  means  of  obtaining  polarized  rays  by  the  fixst 
method. 

When  a  ray  of  comnum  light  is  incident  upon  such  a  crystal  in  a 
plane  passing  through  its  axis,  it  will  be  divided,  as  has  been  already 
explained,  into  two  rays,  the  ordinary  and  extraordinary,  both  or 
which  will  be  found  to  be  polarized  if  examined  by  the  test  already 
explained.  The  plane  of  polarization  of  the  ordinary  ray  will  coin- 
cide with  the  plane  of  the  angle  of  incidence,  and  the  plane  of  polaiv 
ization  of  the  extraordinary  ray  will  be  at  right  angles  to  it.  Thus 
the  doubly  refracting  crystal  resolves  the  ray  of  common  b'ght  into 
its  two  component  polarized  rays,  exactly  as  a  common  prism  resolves 
a  my  of  solar  b'ght  into  its  component  rays  of  different  refrangibili^. 
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1876.  Partlml  polamaUm.  —  As  a  ny  of  Beht  is  eompbldjr 
polariied  when  tiie  two  planes  of  pokriiation  natnn&yal  right  andfli 
am  bhNight  to  absolate  eoinddenoey  and  as  it  is  eompletely  nnpdaiw 
ind  wh£  these  planes  are  at  right  v^jM^  it  is  partiaUy  polarised 
when  ihej  are  in  anj  intennediate  position  ^  and  it  nproaehes  mora 
and  more  to  the  state  of  eomplete  polarinteon  as  the  obliqinity  of  the 
Svo  planes  of  polarisation  inereasss.  Thns  when  thej  fiinn  an  anj^ 
of  45^  the  ray  may  be  considered  ss  half  polarised. 

It  was  long  eontended  that  a  peneQ  partially  polariaed  oonristed  of 
lays  eompletely  polarised  mixed  with  rays  eompktelT  nnpolarbed  ia 
Tarioos  pfoportiotts,  aeoording  to  the  degree  of  partisi  pakriation  of 
the  penal;  bnt  Sir  Darid  K«wster  soggested,  what  has  been  smoe 
eonramed  by  theoiy,  that  prtial  polariiation  most  be  otherwise  nn> 
derrtoody  and  that  a  penoil  partially  polariaed  contains  in  it  no  myi 
either  peifiwtly  pdariied  or  perfectly  nnpolariaed,  bat  coarists  of  layi^ 
eseh  of  which  is  imperiSsctly  pohuriied,  as  jnst  ezplsined. 

1277.  Polarixatum  hff  meeeMdve  refraed(ms.^~I%  hss  been  sl> 
tetAj  shown  that  a  ray  of  polarised  light  when  it  enters  a  transparent 
medium,  and  is  refracted  by  it,  has  its  plane  of  polarisation  tamed 
from  the  plane  of  the  ancle  of  incidence  through  an  angle  greater  or 
less  in  magnitude  accoraing  to  the  relation  which  the  ang^  of  ind- 
dence  bears  to  the  polarizing  angle.  Now,  since  a  ray  of  natural  light 
consists  of  two  rays  of  light  polarised  in  planes  at  right  angles  to  each 
other,  snch  a  ray  when  it  enters  a  refracting  medium  will  have  both 
planes  of  polarisation  of  its  component  rays  turned  towards  a  right 
anffle  with  the  plane  of  the  angle  of  iocidence. 

If  such  a  ray  then  be  suocessiyely  refracted  by  a  series  of  media 
bounded  by  parallel  planes,  the  planes  of  polarization  of  its  component 
imys  will  undergo  a  series  of  changes  of  direction,  each  having  a  ten- 
dency to  turn  them  into  a  direction  at  right  angles  to  the  common 
plane  of  incidence  and  emergence. 

Sir  David  Brewster  found  that  the  light  of  a  wax  candle  placed  at 
the  distance  of  ten  or  twelve  feet  from  a  series  of  parallel  plates  of 

Sound  class  was  polarized  at  ancles  of  incidence  which  depended  on 
e  number  of  plates  as  exhibited  in  Uie  following  table : — 
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He  inferred  from  these  experimentB  that  if  we  divide  the  number 
41-84  by  any  number  of  crown  ghiss  plates,  we  shall  obtain  the  tan- 
gent of  the  angle  at  which  a  pencil  of  light  may  be  polarized  by  this 
number.  He  also  inferred  that  the  power  of  polarixing  the  refracted 
light  increased  with  Uie  angle  of  incidence  between  0,  or  a  minimum, 
at  a  perpendicular  incidence,  and  the  greatest  possible,  or  a  maximum, 
as  the  incidence  approached  90®. 

The  apparatus  represented  at  H,  fig.  410.,  is  adapted  for  the  exp  • 
rimental  demonstration  of  this.  In  the  tube  H  is  placed  a  series  o« 
five  or  more  plates  of  glass,  resting  with  their  surfaces  one  upon  the 
other,  and  capable  of  Ming  adjusted  in  the  tube,  so  as  to  form  any 
desired  angle  with  its  axis. 

If  this  piece  H  be  inserted  in  the  end  A  of  the  tube,  and  if  the 
plates  of  glass  be  applied  at  the  proper  angle,  it  will  be  found  that 
the  light,  after  passing  through  them,  is  nearly  polarised,  and  that  its 
plane  of  polarisation  is  perpendicular  to  the  common  plane  of  the 
angles  of  incidence  and  refraction.  In  this  case,  the  more  brilliant 
the  pencil  of  light  transmitted  through  the  plates,  the  more  numerous 
the  plates  must  be  in  order  to  effect  complete  polarization. 

StricUy  speaking,  no  number  of  plates  can  bring  the  planes  of  po- 
larisation to  absolute  coincidence ;  but  they  may  be  said  to  approach 
■o  near  to  it,  that  the  pencil  will  be  to  all  appearance  completely  po- 
larised with  lights  of  ordinary  intensity 

A  pencil  thus  polarized  by  refittction  will  exhibit  the  same  pro- 
perties when  submitted  to  reflection,  or  when  incident  upon  a  plate 
of  tourmaline,  as  have  been  already  described  with  respect  to  light 
polarised  by  reflection. 

1278.  Effect  of  tourmaline  on  polarized  light. — Let  a  plate  of 
tourmaline  be  cut  with  surfaces  parallel  to  each  other  and  to  its  optio 
axis.  Such  a  plate  being  fixed  in  the  piece  o,Jig.  410.,  may  be  in- 
serted in  the  end  of  the  tube  b,  so  as  to  receive  the  polarized  ray 
transmitted  along  the  axis  of  the  tube  perpendicular  to  its  sur&ce. 
When  thus  arranged,  the  tube  o  being  turned  within  Uie  tube  b,  bo 
as  to  bring  the  optic  axis  of  the  tourmaline  to  coincide  with  the 
plane  of  poUrisation  of  the  ray,  the  ray  will  be  totally  intercepted. 
If  the  tube  be  then  turned,  so  that  the  axb  of  the  tourmaline  shall 
form  an  increasing  angle  with  the  plane  of  polarization,  light  will 
begin  to  be  transmitted,  and  the  intensity  of  the  light  so  transmitted 
will  gradually  increase,  until  Uie  axis  of  the  tourmaline  is  at  right 
angles  to  the  plane  of  polarization,  when  its  intensitv  will  be  a  maxi-^ 
mum.  After  it  passes  that,  the  tube  o  being  slowly  turned,  the  in- 
tensity will  again  diminish  until  the  axis  of  Uie  tourmaline  again 
coincides  with  the  plane  of  polarization,  when  the  light  will  be  com- 
pletely intercepted.  The  tourmaline  supplies,  therefore,  a  test  of 
polaruation,  and  a  means  of  ascertaining  the  position  of  the  plane  of 
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wan  ooufeueniilillliMiidifttwliioh  hn  bam  alm^ 
i  bj  meuM  of  the  raflaeliiig  niftfie  b. 
1279.  PoUarixaiitmh§tAmrpiimt.  —  Sk  Dmd  Brawitar  iboiral 
IImI  agite  and  aoma  othar  o^raUJa  had  tha  eflbot  ot  intaraapting  qm 
af  tha  two  polariaad  xmja  wfaiah  eonatitnta  aommon  lidii  aM  tnaa- 
Buttmg  tha  othar,  and  aoggeatadthia  aa  ft  maaiia  of  obtaining  r-* -'—■ 


luht  ThiUy  if  ft  nj  of  oommon  light  faatranamittadthiodgQ  a  plate 
af  aoatay  ona  of  tha  oppontaly  noluiaad  baama  will  ba  oontartad  into 
nabMona  light  in  ona  pontion  ot  tha  cryatal,  and  tha  othar  in  anoAer 


pontion,  ao  that  ona  of  tha  polariiad  baama  will  in  aaeh  aaaa  ba  tnuu- 
aittad.  Tha  aama  aflact  mftT  ba  prodocad  bj  laahuMl  apar,  Aiago* 
nita,  or  artifioial  aalta,  preparod  in  a  peculiar  mftoneri  ao  aa  to  prodnee 
ft  diaparakm  of  one  of  tha  two  pdariied  laja  forming  common  lidit 
If  common  li^i  ba  tnnamittad  threap  a  thin  ^lala  of  toormdniay 
ana  of  tha  polaniad  imja  iriiioh  oonatitata  it  will  m  like  manner  be 
abaofbad  bj  the  tooimalinai  and  tha  other  tranamitftad;  and  iriben 
tha  tonrmauna  ia  qi|diad  in  a  pontion  ftt  right  ang^  to  thii^  tha  ivf 
which  waa  before  transmitted  is  absorbed,  and  vice  versd. 

1280.  Polarixation  by  irregular  reflection.  —  When  a  pencil  of 
light  is  directed  obliquely  on  any  imperfectly  polished  surfiiee  so  as 
to  be  irregalarly  reflected  from  it,  the  rays  thus  reflected  will  be  par- 
tially polarized,  as  may  be  ascertained  by  looking  at  the  reflectiDg 
surface  through  the  plate  of  tourmaline  O,  Jig.  410.  On  turning 
round  the  plate  of  tourmaline,  it  will  be  found  that  the  brightness 
of  the  surface  will  vary  according  to  the  direction  of  the  axis  of  the 
tourmaline,  the  positions  of  the  axis  which  render  its  brilliancy  great* 
eat  and  least  being  at  right  angles  to  each  other.  That  the  polar- 
isation in  this  case  is  imperfect  is  demonstrated  by  the  fiwt  that  the 
tourmaline  in  no  position  produces  a  complete  extinction  of  the  light. 

^  Since  light  is  more  or  less  polariied  by  successiye  refractions  and  by 
anccessiYe  reflections,  whether  regular  or  irregular,  it  follows  that  light 
is  almost  neyer  found  without  being  more  or  less  polariied.  Thus  the 
light  of  day  proceeding  from  the  solar  rays  reflected  and  refracted  by 
the  atmosphere  and  the  clouds  must  always  be  more  or  less  polarized, 
^-  an  effect  of  which  may  be  verified  by  examining  this  light  by  one 
or  other  of  the  tests  of  polarization,  but  more  especially  by  the  tour- 
maline already  described. 

1281.  The  interference  of  polarized  pencils.  —  If  two  pencils  of 
b'ght  have  their  planes  of  polarization  parallel,  they  will  exhibit  the 
same  phenomena  of  interference  as  have  been  already  described  for 
ordinary  light  The  production  of  bright  and  dark  fringes,  when  the 
pencils  are  homogeneous,  and  the  production  of  coloured  fringes,  when 
the  pencils  consist  of  compound  light,  will  occur  as  in  the  case  of  un- 
polarized  light 

But  if  the  two  pencils  be  polarized  in  planes  at  right  angles  to  each 
^(ber.  none  of  the  phenomana  of  interference  will  be  exhibited.    No 
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'  under  wliat  dicomstaiioes  the  rays  shall  intersect,  it  can  never 
happen  that  either  ray  will  extingaish  the  other,  or  Uiat  the  phe- 
nomena of  dark  and  light  or  coloured  friogcs  are  produced. 

When  two  pencils  are  polarized  in  planes  forming  with  each  other 
an  oblique  angle,  they  will  produce  fringes,  but  of  inferior  brilliancy 
to  those  exhibited  when  their  planes  of  polarization  are  parallel. 

If  two  pencils  are  first  polarized  in  planes  at  right  angles  to  each 
other,  and  afterwards  have  their  planes  of  polarization  rendered 
parallel,  which  may  always  be  accomplished  either  by  refraction  or  re- 
flection, they  will  not  recover  the  property  of  formiug  fringes  of  in- 
terference, of  which  they  were  deprived  by  rectangular  polarization. 

But  if  a  pencil  of  common  light  be  first  completely  polarized,  and 
then  be  divided  into  two  pencils  polarized  in  rectangular  planes,  these 
two  pencils,  if  their  planes  of  polarization  be  again  rendered  parallel, 
will  acquire  the  property  of  interference,  and  will  exhibit  fringes. 

All  these  phenomena  admit  of  verification  by  the  pokriscopic  appa- 
ratus already  described. 

1282.  Compound  solar  light  cannot  be  completely  polarized  by  re* 
JUctum^  but  may  be  nearly  so.  —  Since  the  polarizing  angle  varies 
with  Uie  index  of  refraction,  and  dnce  white  solar  light  is  a  com- 
pound of  rays  having  different  indices  of  refraction,  it  follows  that  a 
penoil  of  solar  light  can  never  be  completely  polarized  by  a  reflecting 
MU&oe,  for  the  anele  which  would  polarize  completely  one  of  its 
oonstitttentB  would  be  different  from  the  angle  which  would  polarize 
completely  another.  But  since  the  difference  between  the  polarizing 
angles  for  the  extreme  rays  in  the  case  of  glass  is  only  21',  and  in 
the  case  of  water  still  less,  it  follows  that  if  the  polarizing  reflector 
be  adjusted  at  the  polarizing  angle  of  the  rays  of  mean  refrangibility, 
the  rays  of  extreme  refraneibility  will  fall  upon  it  at  an  angle  differ- 
ing very  little  from  their  pokrizing  angle,  and,  consequently,  although  ^ 
they  will  not  be  completely,  they  will  still  be  very  nearly  pohurized. 

1283.  Msence  of  complete  polarization  rendered  evident  by  tour* 
malime,  —  Nevertheless,  the  absence  of  complete  polarization  in  this 
ease  is  rendered  extremely  evident  by  the  the  test  of  the  plate  of 
tourmaline  already  described. 

If  the  reflector  D,Jig.  410.,  be  adjusted  to  the  polarizing  angle  of 
the  rays  of  mean  refrangibility,  and  the  plate  of  tourmaline  O  be 
applied  to  the  end  b  of  the  tube,  the  rays  corresponding  to  the  middle 
of  Uie  spectrum  only  will  be  completely  intercepted  when  the  axis  of 
the  toumaline  is  brought  into  the  plane  of  polarization.  A  portion 
of  the  extreme  rays  at  both  ends  of  the  spectrum  will  be  transmitted 
through  the  tourmaline,  and  will  be  perceivable  as  bright  purple  light 
proceeding  from  the  mixture  of  the  red  and  violet  rays  which  arc 
transmitt^.  If  the  plate  D  be  then  adjusted  to  the  polarizing  ande 
of  the  violet  rays,  the  red  rays  will  be  transmitted  in  considerable 
quantity,  and  the  yellow  less,  so  that  the  light  transmitted  will  be  a 
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^i;  ttid  if,  OB  die  odier  hand,  the  Mbrinag  phie  o h 

ttittiledie  tSe  pokrimg  mde  of  the  red  nyn,  ttie  Hght  tnmnuttol 
wm  be  a  bfanib^reeii.  If  tlM  {Mdarinng  plate  D  be  oonpoeed  of  m 
hi^lj  dnpeniTe  labstaiioey  meh  aa  eaam,  diamond^  ehrooiate  of  kia, 
leSlpu*,  or  apeeolar  iron,  the  odour  of  the  tinpolariaed  IMit  taai- 
nittod  from  the  toonnaline  will  be  feond  to  be  eztremelj  briditail 
beamifti]. 

1284.  J^cd  tfadmAbf  rtfraeHmg  aytial  an  polarized  HgkL-- 
Xiet  Ha  aoppoaeapeiioil  of  pdlaraad  li^t  bp,j^.  418.,  to  beinddeal 
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Fig.  413. 

perpendicnlarlj  upon  a  plate  A  b,  cut  from  a  doubly  refracting  crystali 
in  Buch  a  maDoer  that  its  snrfroes  are  parallel  to  each  other  and  to 
the  optic  axis  of  the  crystal.  The  pencil  B  P,  in  passing  through  this 
plate,  will  be  doubly  refracted,  the  ordinary  pencil  proceeding  in  the 
direction  p  o  o  of  the  original  pencil  b  p,  and  the  extraordinary  pencil 
taking  another  direction  p  s  Uirough  the  crystal,  and  emeiging  in  the 
direction  bb,  parallel  to  that  of  the  incident  ray  bp.     These  two 

pencils  will  be  polariied  in 
rectangular  planes,  the  pkne 
of  polarisation  of  t-he  ordi- 
naiT  pencil  oo  ooindding 
with  the  optical  axis  of  the 
crystal,  and  the  plane  of 
polarization  of  Uie  extraor» 
dinary  pencil  E  B  being  pe^ 
pendicular  to  it 

To  render  this  more  dear, 
let  the  circle,^.  414.,  re- 
present a  section  of  the  inci- 
dent ray  B  P,  and  let  o  P  be 
the  direction  of  the  plane 
of  primitive  polarisation  of 
the  ray  B  p.  Let  c  o  be 
p.    ...  parallel  to  the  optic  axis  of 

,     ,  *'  the  crystal  A  B,  and  c  B  be 

feipendjoula?  to  it    It  fc^Uowi,  therefore,  that  o  o^^;^.  414..  wiU  be 
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fh%  &eetioii  of  the  plane  of  polarization  of  the  ordinary  pencil  o  o, 
Jig.  418.,  and  o  E  will  he  the  direction  of  the  plane  of  polarization 
of  the  extraordinary  pencil  s  iRfJig-  413. 

It  follows  from  the  principles  of  the  undulatory  theory  (and  this 
consequence  is  confirmed  hy  observation)  that  the  proportion  in  which 
the  light  of  the  original  pencil  R  P  is  shared  by  the  ordinary  and 
'extraordinary  pencils  o  o  and  e  e  will  be  expressed  by  the  squares  of 
tibe  cosines  of  the  angles  which  the  plane  of  primitive  polarization 

c  P,  Jig.  414.,  makes  with 
the  planes  of  polarization  of 
the  two  pencils  o  o  and  e  e, 
Jig,  413.,  respectively. 

If,  therefore,  the  number 
of  rays  in  the  original  pen- 
cil R  p  be  expressed  by  the 
square  of  the  radius,  fig, 
415.,  the  number  of  rays 
in  the  ordinary  pencil  0  0 
will  be  expressed  by  the 
square  of  o  m,  and  the  num- 
ber of  rays  in  the  extraor- 
dinary pencil  e  e  will  be 
expressed  by  the  square  of 
0  fi.  The  changes  incident 
to  the  relative  intensities  of 
^^'  *^**  the  ordinary  and  extraordi- 

nary pencils  produced  by  the  plate  A  b,  may  then  be  easily  inferred 
from  the  diagram,^.  414. 

If  the  plime  of  polarization  of  the  original  ray  r  p  coincide  with 
the  axis  of  the  crystal  A  b,  then  o  p,  Jig.  414.,  will  coincide  with  o  o, 
and  the  number  of  rays  in  the  pencil  o  o,fig,  413.,  will  be  expressed 
by  the  square  of  the  radius  o  O,  while  the  pencil  e  e  will  vanish ;  for, 
in  this  case,  o  m  will  become  equal  to  o  o,  and  c  n  will  vanish. 

As  the  plane  of  primitive  polarization  o  P  makes  an  increasing 
angle  with  o  o,  o  m,  whose  square  represents  the  number  of  rays  in 
the  pencil  o  o,  will  decrease,  and  o  n,  whose  square  represents  the 
number  of  rays  in  the  pencU  E  E,  will  increase.  The  one  pencil, 
■  therefore,  will  diminish,  and  the  other  increase  in  intensity.  When 
the  plane  of  primitive  polarization  o  p  makes  an  angle  of  45^  with 
the  axis  o  o  of  the  crystal,  the  line  o  p  will  bisect  the  angle  o  0  E,  and 
and  0  m  will  become  equal  to  o  n.  In  this  position,  therefore,  the 
ordinary  and  extraordinary  pencils  o  o  and  E  ^ffig,  413.,  will  become 
equally  intense,  or  contain  the  same  number  of  rays. 

When  the  plane  of  primitive  polarization  o  p  makes  with  the  axis 
c  o  of  the  crystal  A  B  a  greater  angle  than  45**,  c  m  becomes  less  than 
0  %  and  consequently  the  ordinary  pencil  o  o,fig.  413.,  contains  leii 
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fi^ihaathaeztnordiiiaijptiHnlss;  aiidMllieaii|l6]iibfaidfd  W 
tiroen  0  P  aiid  0  o  ineraMOB,  the  eilnuvdiiia^ 
tiTelj  more  inteneey  and  the  ovdinaiy  pencil  les  ao^  miil  the  phae 
of  primitiTe  polariiation  OP  makea  a nght  angle  widi  the  axia  00  of 
theenrttal;  in  whiohoaae  OP  will  eoineide  with Ol^ OH  will beeooM 
equal  to  o  s^  and  o  m  will  iraniah. 

Tkoa  the  ordinary  pencil  oo^  jflm.  418.,  will  diaappeari  and  all  the 
raja  of  the  incideni  penoil  a  P  will  paai  into  the  emeigeni  eztnwfd^ 
naiy  pencQ  x  x.  A  like  anooeaBion  of  changea  of  intensity  will  take 
plaoe  if  we  anppoae  the  azia  of  primitiye  polariiation  o  P  to  refolte 
throogh  another  quadrant;  the  raja  of  the  extraoidinarj  penoil  gra- 
dnallj  paanns  into  the  ordinary  one,  and  the  extnordinarjr  one  Tan- 
iahingy  and  the  ordinaiy  pencil  aoaniring  the  aame  intenai^  aa  the 
ineident  ^endly  when  the  plane  of  polariiation  again  ooinoidea  with 
the  directum  of  the  aada  of  the  orratal. 

It  thna  appeariy  that  in  a  complete  revolationof  the  dane  of  prinu- 
tive  polarintioni  or,  what  la  the  aamci  if  that  plane  be  fized|  in  a  oom- 
plete  revolution  of  the  plate  A  b  in  its  own  plane,  there  will  be  two 
positions,  180^  asunder,  in  which  all  the  rays  of  the  primitive  pencil 
will  pass  into  the  ordinary  pencil,  and  consequently,  in  which  the 
primitive  pencil  will  undergo  no  change  either  in  its  intensity  or  its 
polariiation.  Therefore,  there  will  be  two  positions  at  right  angles 
to  these  in  which  the  primitive  pencil  again  undergoes  no  change  in 
intensity,  but  in  which  it  is  converted  into  the  extraordinary  pencil 
X  E,  its  plane  of  polarization  being  turned  through  90^,  and  receiving 
a  direction  at  right  angles  to  that  of  the  plane  of  primitive  polariza- 
tion. In  the  intermediate  positions  between  these  four  directions,  the 
relative  intensities  of  the  ordinary  and  extraordinary  pencik  undergo 
constant  change;  that  of  the  ordinary  pencil  being  greater  or  leas 
than  that  of  the  extraordinary  pencil,  according  as  the  plane  of  primi- 
tive polarization  makes  a  less  or  greater  angle  than  45^  with  the  axis 
of  the  crystal  A  B,  and  the  intensities  of  the  two  pencils  are  equal  in 
the  four  positions  in  which  the  axis  of  primitive  polarization  Ls  ia- 
clined  at  45^  to  the  axis  of  the  crystal. 

1285.  Effects  produced  by  a  second  doubly  refracting  crystal.  — 
If  we*  now  suppose  the  ordinary  and  extraordinary  pencils  o  o  and 
E  Eyjig.  413.,  to  be  incident  perpendicularly  upon  another  doubly  re- 
fracting plate  a'  b',  cut  with  surfaces  parallel  to  each  other  and 
to  its  optic  axis,  as  before,  they  will  each  be  again  doubly  refracted. 
The  ordinary  pencil  o  o  will  be  divided  into  another  ordinary  pencil 
o  o  and  an  extraordinary  pencil  e  e,  while  the  extraordinary  penoil  E  s 
will  also  be  doubly  refracted  and  resolved  into  two,  an  ordinary  penoil 
{/  o'j  and  an  extraordinary  pencil  c'  e,  all  these  four  pencils  emerging 
parallel  to  the  primitive  pencil  R  p. 

To  determine  the  proportion  in  which  the  rays  of  the  original  pen- 
m/  BP  are  distributed  amoug  these  four  pencils,  let  co^fig.  4I5.| 
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r^TOfent^  as  before,  the  directioD  oi  the  optical  axis  of  the  plate  A  B 
and  therefore  the  plane  of  polarization  of  the  ordinary  pencil  o  o; 
and  consequently  o  b,  perpendicular  to  o  o,  will  represent  the  plane 
of  polarisation  of  the  extraordinary  pencil  s  b.  Let  o  o  represent  the 
direction  of  the  optical  axis  of  the  pkte  A'  b',  and  let  o  e  be  a  lino 
perpendicular  to  it. 

According  to  what  has  been  already  explained,  the  planes  of  polar- 
ization of  the  ordinary  pencils  o  o  and  (/  d  will  coincide  with  o  o,  the 
optical  axis  of  the  plate  A'  b',  while  the  planes  of  polarization  of  the 
extraordinary  pen<uls  e  t  and  e'  e'  will  coincide  with  the  line  o  t  per- 
pendicolarly  to  o  o. 

If  the  square  of  the  radius  ov,jig.  415.,  express  the  number  of 
rays  in  the  original  pencil  a  P,  the  square  of  o  m,  as  already  explained, 
will  express  the  number  of  rays  in  Uie  pencil  o  o,  and  the  square  of 
en  the  number  of  rays  in  the  pencil  £  e 

To  obtain  expressions  for  the  intensities  of  the  pencils  into  which 
these  latter  are  resolved  by  the  second  crystal  a'b',  let  circles  be 
described  with  o  as  a  centre,  and  o  m  and  o  n  respectively  as  radii. 
From  m  draw  m  vl  perpendicular  to  c  f ,  and  m  m'  perpendicular  to  o  o. 
Since,  then,  the  square  of  0  m  expresses  the  number  of  ^rays  in  the 
pencil  o  o,  the  square  of  o  m!  will  express  the  number  of  rays  in  the 
pencil  o  o,  and  the  square  of  0  n!  will  express  the  number  of  rays  in 
the  pencil  e  e. 

In  like  manner,  if  from  n  we  draw  n  m"  and  n  n"  at  right  angles 
respectively  to  o  o  and  o  «,  the  number  of  rays  in  the  pencu  </  o'  will 
be  expressed  by  the  square  of  o  m",  and  the  number  of  rays  in  the 
pencil  d  e'  will  be  expressed  by  the  square  of  c  v^'.  We  shall  there- 
fore have  the  following  analysis  of  the  intensities  of  the  emergent 
pencils  of  the  ordinary  and  extraordinary  rays  produced  by  the  first 
plate  A  b,  and  of  the  four  pencils,  ordinary  and  extraordinary,  pro- 
duced by  the  second  plate  a'  b'. 

Intensity  of  ori^al  pencil  a  p  is  expressed  by c  p'. 

««  orcUnary  pencil  o  o            ««             o  m\ 

**  extraordinary  pencil  1 1    '*             onl*. 

*<  ordinary  pencil  o  0            **             om\ 

"  extraordinary  pencil  e  0    •*             on^. 

**  ordinary  pencil  (/  o'         "            o  m''\ 

«*  extraordinary  pencil  t^  t^  "             o  n'^. 

If  we  suppose  the  plate  a'  b'  to  be  turned  round  its  centre,  so  as 
t»  make  its  optical  axis  o  Oyjig,  415.,  revolve,  making  varying  angles 
with  the  planes  of  polarization  of  the  rays  o  o  and  e  e,  a  succession 
of  changes  will  take  place  in  the  two  pairs  of  ordinary  and  extraordi- 
nary pencils  emerging  from  the  plate  A'  b',  in  all  respects  analogous 
to  those  which  have  been  already  described  as  having  taken  place  it* 
the  pencils  o  o  and  s  e  emerging  from  the  first  plato  a  b. 
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Tlui  oliaiige  am  \m maij iniwed  tnmjb^.  41S.,  vImw o« ] 
MDti  the  diraetMm  ef  the  optieil  tm  of  the  orjrtd  a'  b',  and  00 
■iid'O  X  the  planes  of  polariation  of  the  pemnla  o  0  and  ■  x. 

Thofly  if  we  aappoae  the  oii^atal  a  b  tnrned  into  meh  a  position  thai 
ita  optual  aiia  0  o  ahaU  ooimnde  with  0  Of  then  0  ai' will  beoonie  eqinl 
to  0  aiy  and  0  n'  will  vanish;  therefore  the  pencil  o  o  will  oontain  all 
the  raya  of  the  incident  pencil  o  o»  and  will  luTe  the  aame  plane  of 
polarintiony  while  the  pencil  «  «  will  Tanish.  At  the  same  time  that 
thia  takea  plaoci  0  e  will  odndde  with  0  n,  and  oonaeqnenilj  o  n"  will 
beccMne  eaual  toon,  and  0«^  will  vanish.  Therefore  the  pencil  e'e' 
will  contain  all  the  raya  of  the  incident  pencil  n  x.  Thus  it  appears 
that  in  thia  case  the  aecondpkte  a'  b'  wul  make  no  change  whatever, 
either  on  the  intensities  or  the  planes  of  polirisatiop  of  the  two  np 
OoandBXthalMnergefrom  thefiratciTBtal  AB.  If  the  azia  of  the 
second  ciTatal  0  0  be  tamed  roond  ao  as  to  make  a  graduall j  increas- 
ing ande  with  theazisooof  AB|  then  the  linea  0  «' and  o  a^  will 
mdnidl J  inoreassy  and  the  linea  0  m'  and  0  fT  will  gradnally  diminish. 
Therefore  the  intensities  of  the  ordinary  pencil  o  o  will  gradoally 
diminish,  and  that  of  the  extraordinary  pencil  e  e  will  gradually 
increase ;  ai^,  at  the  same  time,  the  intensity  of  Uie  extraordinary 
pencil  e'  e'  will  gradually  diminish,  and  that  of  the  ordinary  pencil 
(/  0  will  gradually  increase. 

When  the  axis  0  0  of  the  crystal  a'  b'  makes  an  angle  of  45**  with 
the  axis  c  o  of  the  crystal  A  B,  then  the  four  pencils  will  have  equal 
intensities,  for  in  such  case  c  0  will  hisect  the  angle  o  o  E,  and  the 
line  C  e  will  bisect  the  angle  o'  c  E ;  and  in  this  case  it  is  evident  that 
all  the  four  lines  c  m',  0  n\  0  m",  and  c  vl'  will  be  equal ;  and  since 
their  squares  express  the  intensities  of  the  four  pencils,  these  intensi- 
ties will  be  equal.  When  the  angle  formed  by  the  axis  c  o  of  the 
plate  a'  b',  still  increasing,  forms  an  angle  greater  than  45^  with  the 
axis  c  0  of  the  plate  A  b,  then  the  line  c  v!  becomes  greater  than  0  m', 
and  consequently  the  pencil  e  t  becomes  more  intense  than  the  pencil 
o  o.  At  the  same  time,  the  line  c  n"  will  become  less  than  0  m",  and 
consequently  the  pencil  ef  ^  will  become  less  intense  than  the  pencil 
o'  </.  These  inequalities  between  the  respective  pencils  will  gradually 
increase  with  the  gradually  increasing  angle  formed  by  the  axis  of  the 
plate  a'  b'  with  the  axis  of  the  plate  A  B,  until  these  axes  form  a 
right  angle  with  each  other,  in  which  case  the  pencib  o  o  and  ^  tf  wil 
vanish,  and  the  pencil  e  e  will  contain  all  the  rays  of  the  pencil  o  o 
and  the  pencil  0'  d  will  contain  all  the  rays  of  the  pencil  £  E.  Thus 
when  the  axis  of  the  crystal  a'  b'  is  applied  at  right  angles  to  the 
axis  of  the  crystal  A  B,  no  change  is  made  in  the  intensities  of  the 
two  pencils  incident  upon  this  second  crystal ;  but  the  planes  of  polari- 
sation are  respectively  moved  through  a  right  angle,  the  ordinary 
pencil  being  converted  into  an  extraordinary  one.  and  the  extraordi* 
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narj  pencil  being  oonyerted  into  an  ordinary  penciL  It  is  clear  that 
the  same  raccession  of  changes  will  take  place  throughout  each  suo- 
oessive  quadrant  through  which  the  optical  axes  of  the  plates  are 
tamed. 


CHAP.  XX. 

OHBOMATIO   PHENOMENA  OF.  POLABIZED  LXOHT. 

1286.  Chromatic  phenomena  explicable  hy  vndulatory  hypothesis. 
—  The  splendid  prismatic  colours  arranged  in  the  form  of  concentric 
rings,  intersected  by  dark  and  bright  rectangular  crosses,  and  occa- 
sionally by  hyperbolic  curves,  are  among  the  most  remarkable  and 
beautiftd  phenomena  developed  by  modem  experimental  researches  in 
optics.  No  triumph  of  theory  can  be  more  complete  than  the  solu- 
tion of  these  complicated  appearances  afforded  by  the  undulatory  hypo- 
thesis. 

Any  description,  however,  of  these  multitudinous  and  various  ap- 
pearances, much  more  any  exposition  of  the  mathematical  solution  of 
them  supplied  by  the  undulatory  theory  of  light,  would  be  incompat- 
ible with  the  objects  and  the  necessary  limits  of  this  volume.  While, 
however,  we  cannot  enter  into  these  details,  we  must  not,  on  the  other 
hand,  pass  over  in  absolute  silence  such  phenomena. 

1287.  Effect  produced  by  the  transmission  of  polarized  light 
ikrough  thin  dotibly  refracting  plates,  —  To  convey  some  idea  of  the 
principles  on  which  th^  phenomena  are  based,  let  us  suppose  the 
plates  A  B  and  a'  b'  to  be  so  thin  that  the  separation  of  the  pencils 
mto  which  the  primitive  pencil  B  p  is  resolved  will  be  inconsiderable 
In  such  case,  although  the  changes  described  in  the  last  chapter  will 
still  be  made  in  their  planes  of  polarization,  the  pencils  will  more  or 
less  overlay  each  other,  so  that  the  rays  composing  one  will  Ml  within 
the  limits  of  and  be  mixed  with,  the  rays  of  the  other. 

It  might  therefore  be  inferred  that  the  intensity  or  brilliancy  of 
the  pencils  formed  by  each  combination  would  be  found  by  adding 
together  the  measures  of  their  separate  intensities.  Thus,  the  two 
pencils  o  o  and  (/  </,  whose  separate  intensities  are  expressed  by  c  m^, 
mnd  0  m"*f  would  have  thire  combined  intensity  expressed  by 
0  m*  +  0  m"*. 

But  it  must  be  considered  that  polarized  light  is  subject  to  inter- 
ference when  its  planes  of  polarisation  are  parallel,  which  they  are  in 
the  two  cases  here  snpposedi  the  planes  of  pokriiation  of  the  pendLi 
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## ana*' •'being  bodi  pnlld  to  dieani  of  dMflnr^A'B',Mil 
dM  daiMt  of  polariafctioD  of  the  poieils  e  e  and  e'  e*  bemg  both  p» 
pancuonLur  to  it  I^  thora&tey  ttie  otber  conditioiia  of  interfereooe 
be  falfilledi  it  will  follow  that  die  nyn  of  theee  two  pain  of  pencik 
woald  alternately  eztin^^aiah  <me  another,  or  produce  a  brilliaDej 
eaual  to  the  aam  of  tl^eir  intenaitieay  aooocding  to  the  phaaes  under 
which  the  luminooa  nndnlationa  meet 

But  it  is  easy  to  ahowy  that,  provided  one  or  both  of  the  oryBtidf 
A  B  and  a'  b'  have  a  certain  degree  of  thinnesBi  the  rays  of  the  two 
pencils  would  fulfil  the  conditiona  which  determine  interference. 

To  proYC  thisy  it  must  be  considered  that  the  in^oea  of  ordinaq 
and  extraordinary  refraction  are  diflforent;  therefore  the  vdocitiea  of 
the  undulations  in  passing  through  the  cry^als  will  be  different,  if 
one  be  ordinaxily  and  the  other  extraordinarily  refracted;  and  if  this 
diffinrence  be  such  aa  to  produce  by  the  undulation  of  the  emogent 
pencils  that  relation  which  determinea  interferencci  that  phenomenon 
must  ensue.  Now,  on  conmdering  the  refraction  wludh  the  pencils 
o  0  and  o'  </  have  sufiered,  it  will  appear  that  the  former  has  undei^ 
gone  ordinary  refraction  by  both  crystals,  while  the  latter  has  suffered 
extraordinary  refraction,  by  the  crystal  A  B,  and  ordinary  refraction 
by  the  crystal  a'  b'.  Their  velocities,  therefore,  through  the  crystal 
A  B  will  be  different ;  and  if  the  thinness  of  the  crystal  be  such  that 
the  undulations  of  the  original  rays  are  so  related  as  to  fulfil  the  con- 
ditions of  interference,  interference  will  ensue. 

The  same  observations  will  be  applicable  to  the  pencils  e  e  and  e  e', 
the  latter  of  which  has  suffered  extraordinary  refraction  by  both  crys- 
tals, and  the  former  ordinary  refraction  by  A  B,  and  extraordinary  re- 
finction  by  a'  b'. 

1288.  Coloured  rings  and  crosses  explained.  —  If,  therefore,  the 
plates  be  reduced  to  such  a  degree  of  thinneft  as  to  produce  the  phe- 
nomena of  interference,  a  series  of  bright  api  dark  rings  will  be  pro- 
duced; but  as  such  rings  will  depend  on  the  indices  of  refraction,  and 
as  these  indices  differ  for  each  species  of  homogeneous  li^ht,  it  will 
follow  that  a  different  system  of  rings  would  ^  produced  by  each 
species  of  homogeneous  Ught,  of  which  the  primitive  pencil  B  P  might 
be  composed;  and  if  such  pencil  be  composed  of  compound  solar 
light,  then  the  resulting  appearances  are  those  which  will  be  produced 
by  the  superposition  of  all  the  systems  of  rings  which  would  be  sepa- 
rately produced  by  each  species  of  homogeneous  light  The  effect 
of  the  optical  axes  of  the  crystals,  and  of  the  revolution  of  either  of 
them  round  its  centre  in  its  own  plane,  will  be  to  produce  dark  or 
bright  rectangular  crosses  corresponding  to  the  planes  of  polarization 
of  the  emergent  pencils,  these  crosses  intersecting  the  systems  of 
coloured  rings. 

We  have  here  adopted  for  illustration,  for  the  sake  of  simplidty, 
the  case  of  crystals  having  a  single  axis  of  double  refraction.    The 
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appaaraaces  produced  by  crystals  with  two  axes  are  analogons  to  thesei 
inoogh  somewhat  more  complicated. 

In  these,  two  systems  of  rings,  which  sometimes  assume  the  form 
of  the  carves  called  lemniscates,  which  have  the  form  of  the  figure 
of  8,  are  produced,  and  the  cross  is  often  converted  into  hyperbolic 
carves,  which  in  certain  positions  assume  the  form  of  a  cross,  the 
hyperbola  passing  into  its  asymptos. 

To  give  a  complete  analysis  of  these  complicated  and  beautiful 
chromatic  phenomena  would  be  impossible  within  the  necessary  limits 
of  this  volume ;  enough,  however,  has  been  explained  of  the  principles 
of  polarization  to  render  their  general  theory  intelligible ;  and  we  shall 
therefore  now  confine  ourselves  to  a  general  description  of  some  of  the 
most  interesting  of  the  phenomena  produced  by  transmitting  polarized 
light  through  doubly  refracting  media. 

1289.  Method  of  observing  and  analyzing  these  phenomena,  — 
Jlpparatas  of  J^oremherg.  —  The  polariscopic  apparatus  of  Norcm- 
berg,  represented  in^^.  416.,  supplies  convenient  means  of  observing 
«od  analyzing  the  chromatic  phenomena  of  polarized  light 

The  polarizing  apparatus  is 
mounted  in  the  lower  part  of 
the  instrument,  and  consists  of 
the  frame  g  containing  the  polar- 
izing plate,  the  horizontal  re- 
flector m,  and  other  accessories. 
By  means  of  these  a  pencil  of 
light  polarized  in  any  required 
plane  can  be  transmitted  ver- 
tically upwards,  so  as  to  pass 
through  the  centre  of  the  rings 
V  and  5. 

The  rings  v  and  s  are  gn^ 
duatcd,  and  a  tube  is  inserted 
in  each  of  them,  having  an  in- 
dex which  plays  on  the  divided 
scale  as  the  tube  is  turned  round 
its  centre  within  the  ring.  Plane 
reflectors  inclined  at  variable 
angles,  plates  of  doubly  refract- 
ing crystals,  doubly  refracting 
pnsms,  bundles  of  parallel  plates 
of  glass  and  other  polariscopic 
tests,  are  set  in  short  tubes  ca- 
pable of  being  fixed  in  one  or 
other  of  the  rings  v  and  «.  So 
the  polarized  pencil  transmitted 
npwirds  alons  the  axis  of  tho 
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mqr  ibit  be  nuide  to  jfm  thnrngh  the  plate  inserted  in  t , 
I  nwy  then  be  examined  by  an  indined  lefleotor  or  toonnaline  ph^ 
A  doablj  r^raeting  priraiy  or  bj  any  other  pokrieoopic  test  which  may 
be  fixed  in  «.  The  position  of  the  indioes  which  more  on  the  divided 
flireles  of  v  and  «  wul  indicate  the  position  and  changes  of  podtion  of 
the  planes  of  polarisation. 

1290.  Effect  of  rock  eryi tail  —  Let  a  ]^late  of  rock  cratal,  witb 
snrfiioes  oat  parallel  to  its  optio  ana,  the  thickness  of  which  does  not 
exceed  the  60th  of  an  inch,  do  plaoed  on  tiie  ringv ;  and  let  a  donUy 
reftaeting  prismi  with  a  m^  axis  of  doable  refiraetion,  be  plaoed 
iaa. 

Let  OS  first  sappose  tiiat  the  axis  of  this  |nism  coincides  with  the 
plane  of  polarisation  of  the  pencil  incident  on  the  pkte  «,  and  let  the 
axis  of  tUs  plate  be  first  placed  in  the  plane  of  pdariaation.  Li  that 
eue  the  incident  ray  will  pass  through  both  crystals  without  change, 
and  an  eye  plaoed  abore  the  prism  at  s  will  see  only  the  oidinaiy 
image  of  the  object  from  which  the  pendl  issnes.  If  tiie  axis  of  v 
be  turned  at  right  angles  to  the  plane  of  polarization^  a  single  image 
only  will  be  seen ;  but  in  this  case  it  will  be  the  extraordinary  image, 
and  the  plane  of  its  polarization  will  be  perpendicular  to  the  plane  of 
primitive  polarization.     The  images  will  in  both  cases  be  white. 

In  all  intermediate  positions  of  the  axis  of  the  plate  o,  two  images 
will  be  seen,  which  will  partly  overlay  each  other,  as  represented  in 
fig.  417.  Those  parts  which  are  not  superposed  will  have  colours 
exactly  complementary,  and  tho  super- 
posed parts  on  which  theso  colours  are 
combined  will  be  white. 

As  the  plate  v  is  turned  round  its  centre 

through  90°,  from  the  position  in  which 

its  axis  coincides  with  the  plane  of  primi* 

tive  polarization  to  the  position  in  which 

it  is  at  right  angles  to  that  plane,  the  two 

^^*  images  pass  through  a  series  of  tints  of 

colour  (always,  however,  complementary),  and  through  various  degrees 

of  relative  brightness,  their  most  vivid  colours  being  exhibited  when 

the  axis  is  at  45°  with  the  plane  of  primitive  polarization. 

Tho  same  changes  take  place  in  each  successive  quadrant  through 
which  the  axis  of  v  revolves. 

U  the  axis  of  the  prism  $  be  placed  at  right  angles  with  the  plane 
of  primitive  polarization,  a  like  succession  of  appearances  will  be  ex- 
hibited, the  ordinary  and  extraordinary  images,  however,  interchang- , 
inff  places. 

If  the  axis  of  the  prism  a  be  placed  at  any  oblique  angle  with  tho 
plane  of  primitive  polarization,  a  like  succession  of  effects  will  be  ob- 
served ;  but,  in  this  case,  the  single  images  will  be  exhibited  when  the 
txis  of  the  prism  a  OQAiMAd«a  with,  and  ia  at  right  uigles  with  that  of 
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the  plate  v  ;  and  the  doable  coloured  images  appear  in  the  interme- 
diate positions,  the  images  having  the  greatest  splendour  when  the  two 
axes  intersect  at  an  angle  of  45^. 

There  is  therefore,  in  all  cases,  a  single  image  in  foar  positions  in 
each  revolution,  these  four  positions  being  at  right  angles  to  each 
9ther;  and  intermediate  between  these,  there  are  four  other  positions, 
ilso  at  right  angles  to  each  other,  at  which  the  complementary  images 
attain  their  greatest  brightness. 

Plates  of  rock  crystal  more  than  the  50th  of  an  inch  in  tbicknesb 
produce  like  effects,  but  with  less  brilliant  colours.  In  general,  the 
colours  Tary  with  the  thickness  of  the  plate,  the  more  brilliant  tints 
being  produced  by  the  thinnest  plates. 

Different  crystab  exhibit  striking  differences  in  these  chromatic 
phenomena.  Thus  Blot  found  that  carbonate  of  lime  cut  parallel  to 
>he  axis,  required  to  be  eighteen  tiroes  thinner  than  rock  crystal  to 
vroduce  the  same  tint.  This  circumstance  renders  it  difficult  to  ob- 
lerve  these  phenomena  with  carbonate  of  lime. 

1291.  Effect  of  Iceland  spar  inclosed  between  two  plates  of  tour- 

maline.  —  Let  a  plate  of  Iceland 
spar  less  than  an  inch  thick  be 
cut  with  parallel  surfaces  at  rieht 
angles  to  its  optic  axis.  If  this 
be  placed  between  two  plates  of 
tourmaline  cut  parallel  to  their 
axes,  a  series  of  beautiful  chro- 
matic phenomena  will  be  ob- 
served by  looking  through  it  at 
the  clouds.  If  the  axes  of  the 
tourmalines  are  placed  at  rieht 
angles,  the  crystal  will  exhibit 
a  system  of  concentric  rings  of 
the  most  vivid  colours,  inter- 
sected by  a  dark  cross,  as  repre- 
sented in^.  418. 
If  the  axis  of  one  of  the  tourmalines  be  turned  gradually  round, 
making  a  decreasing  angle  with  the  axis  of  the  other,  the  tints  of  the 
rings  will  undergo  a  series  of  changes,  and  the  dark  cross  will  show 
a  space  in  the  midst  of  each  of  its  arms  faintly  luminous,  as  repre- 
sented in^.  419.  These  changes  will  proceed  until  the  axis  of  the 
one  tourmaline  becomes  parallel  to  the  other,  when  the  cross  will 
become  white,  and  all  the  tints  of  the  rings  will  become  complemen- 
tary to  those  which  they  had  in  the  first  position,  as  represented  m 
M'  420. 

If,  instead  of  presenting  the  crystal  to  the  white  light  of  the 
heavens,  a  pencil  of  homogeneous  light  be  transmitted  through  it, 
the  rings,  instead  of  showing  various  tints  will  be  alternately  dark 
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ind  of  the  ooloar  of  the  homogeneous  light;  and  the  croflB^  in  like 
manner,  will  be  either  dark  or  ra  the  ooloar  of  the  same  light     The 

diaiiictcrs  of  the  successive  rings  will  be  different  for  each  coloured 
light,  beiDg  greater  for  the  more  refrangible  colours ;  and  the  diame- 
ters of  rings  for  the  same  colour  will  increase  as  the  thickness  of  the 
crystal  is  diminished. 

It  is  e\'idcnt  that  the  sjstem  of  rays.produced  by  white  light  results 
from  the  superposition  of  the  several  systems  produced  separately  by 
the  homogeneous  coloured  lights. 

The  white  cross  produced  by  white  light,  when  the  axes  of  the 
tourmalines  are  parallel,  is  in  like  manner  produced  by  the  superposi- 
tion of  all  the  coloured  crosses  produced  by  the  homogeneous  lights 
severally. 

1292.  Effects  produced  by  other  uni^axial  crystaU. — Phenomena 
analogous  to  these  are  produced  by  all  crystals  having  a  single  axis  of 
double  refraction,  such  as  rock  crystal,  tourmaline,  idrcon,  nitrate  of 
soda,  mica,  hyposulphate  of  lime,  apophyllito,  &c.  In  some  cases, 
however,  the  effects  are  modified  by  conditions  peculiar  to  the  species 
of  crystal  under  examination.  Thus,  in  the  case  of  rock  crystal,  the 
cross  disappears,  in  consequence  of  the  effect  of  circular  polarization, 
which  we  shall  presently  notice.  In  other  crystals  there  appear  to  be 
different  optic  axes  for  lights  of  different  refrangibilities,  which  pro- 
duce modifications  in  the  appearance  of  the  rings  and  crosses. 

Of  all  crystals,  the  most  convenient  for  the  exhibition  of  these 
phenomena  is  Iceland  spar. 

1293.  Effect  of  hi-axial  crystaU ;  nitrate  of  potassa. — If  a  plate 
of  nitrate  of  potassa  (a  crystal  having  two  axes),  with  parallel  sur- 
faces cut  at  right  angles  to  its  optic  axis,  be  placed  in  like  manner 
between  two  plates  of  tourmaline  cut  parallel  to  their  axes,  a  series 
of  chromatic  appearances  will  be  observed,  which  are  represented  in 
/^.«.  421.,  422.,  and  4^^. 
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If  the  axes  of  the  tourmalines  are  placed  at  right  angles,  the  crystal 
iuelf  being  properly  placed  between  them,  a  dark  cross,  Jig.  421., 
Hill  be  seen  intersecting  a  double  system  of  coloured  rings,  the  com- 
mbn  centres  of  which  correspond  to  the  position  of  the  two  axes  of 
the  intermediate  crystal. 

If  the  crystal  be  turned  gradually  round  its  centre  between  the 
tourmaline  plates  without  deranging  the  position  of  the  latter,  the 
cross  will  gradually  assume  the  form  of  two  hyperbolic  curves,  and 
the  rings  will  change  their  position  and  tints  as  represented  in^^.  422. 
When  the  crystal  has  been  turned  through  half  a  quadrant,  the 
appearance  will  be  that  represented  in^.  423.,  and  after  which  it 
will  assume  a  form  like  that  of  Jig.  422.,  but  more  inclined  to  the 
horiiontal  position;  and,  in  fine,  when  the  crystal  has  been  turned 
through  a  quadrant,  the  appearance  will  be  that  represented  in^. 
421.,  the  vertical  arms  of  the  cross,  and  the  line  joining  the  centres 
of  the  systems  of  concentric  rings,  being,  however,  horizontal. 

1294.  Effecl  of  the  carbonate  of  lead.  —  The  carbonate  of  lead, 
another  crystal  with  two  axes,  gives  appearances  analogous  to  those 
of  nitrate  of  potassa.     Those  are  represented  in  Jig.  424. 

1295.  Coloured  bands  produced  by  an  acute  prism  of  rock  crystal. 
-^If  a  piece  of  rock  crystal  be  cut  in  the  form  of  a  prism,  with  a  very 
icute  angle,  one  surface  forming  the  angle  being  parallel  to  the  optic 
axis,  and  the  other  therefore  slightly  inclined  to  it,  a  pencil  of  polar- 
ized light  transmitted  through  it  will  exhibit  to  the  naked  eye  a  series 
of  alternated  red  and  green  fringes,  provided  the  eye  is  placed  at  some 
distance  from  the  crystal,  and  the  thickness  through  which  the  light 

does  not  exceed  the  50th  of  an  inch.     These  coloured  banda 
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are  more  vivid  when  viewed  through  a  pkte  of  tourmaline;  and  it  U 
easy  to  observe  that  they  attain  their  greatest  brightness  when  tha 
axis  of  the  prism  is  inclined  at  45^  to  the  plane  of  primitive  polari-* 
fation. 

1296.  Polarizing  structure  artificially  produced  in  glass  ana 
other  media.  —  A  doubly  refracting  and  polarizing  structure  may  be 
produced  in  glass  and  other  transparent  bodies  by  molecular  changes 
m  their  structure  consequent  on  sudden  changes  of  temperature,  and 
sometimes  by  mere  mechanical  pressure. 

If  a  circular  plate  of  glass,  about  an  inch  in  diameter  and  half  an 
inch  thick,  be  exposed  to  a  high  temperature  by  contact  with  a  heated 
body  which  is  a  good  conductor,  so  that  its  temperature  near  the  edges 
shall  be  higher  than  at  the  centre ;  or  if,  on  the  contrary,  it  be  raised 
to  a  higher  temperature  at  the  centre  than  near  the  edges,  it  will  ex- 
hibit the  phenomena  of  rectangular  crosses  and  coloured  rings,  like 
those  produced  by  doubly  refracting  crystals. 

If,  in  this  case,  the  plate  be  oval,  it  will  exhibit  appearances  indi« 
eating  two  axes  of  double  refraction. 

When  a  plate  is  reduced  to  a  uniform  temperature,  these  appear- 
ances cease. 

These  phenomena  are  susceptible  of  infinite  variation,  according  to 
the  shape  of  the  plate,  which  may  be  square,  oblong,  or  of  any  other 
form.  The  disposition  and  form  of  the  fringes  and  rings  will  vary 
with  the  form  of  the  plate. 

A  permanent  doubly  refracting  and  polarizing  structure  may  be  im- 
parted to  glass  by  raising  it  to  a  high  temperature,  and  then  cooling 
It  rapidly,  by  pkcing  it  in  contact  with  the  cold  surfaces  of  metals. 
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The  metallic  siirfaoes^  in  this  case,  may  be  formed  into  an  infinite 
Tarietj  of  fiincy  patterns,  which  will  have  the  effect  of  producing  cor- 
responding optical  effects  of  great  beauty. 


CHAP.  XXI. 

CntOULAB  POLARIZATION. 

1297.  Cases  in  which  the  change  of  the  plane  of  polarization 
varies  with  the  thickness  of  the  crystal.  —  In  all  the  cases  noticed  in 
the  preoedinff  chapter  in  which  a  ray  of  polarized  light  passes  throush 
ft  plate  of  &nbly  refracting  crystal,  the  change  produced  upon  its 
plane  of  polarization  is  quite  independent  of  the  thickness  of  the 
crystal;  this  change  depending  solely  upon  the  relative  position  of 
the  plane  of  primitiye  polarization  and  the  axis  of  the  crystaL 

We  have  now,  however,  to  notice  another  class  of  polarizing  influ- 
ences, in  which  the  change  produced  in  the  plane  of  polarization  of 
the  ray  transmitted  will  vary  with  the  thickness  of  the  crystal. 

If  a  plate  of  rock  crystal  be  cut  with  parallel  surfaces  perpendicular 
to  its  optical  axis,  a  ray  of  polarized  light  transmitted  through  it  will 
have  its  plane  of  polarization  changed,  and  turned  through  a  certain 
angle.  If  the  thickness  of  the  plate  be  doubled  or  hidved,  then  the 
angle  through  which  the  plane  of  polarization  of  the  ray  is  turned 
wiU  also  be  doubled  or  halved.  In  a  word,  the  angle  through  which 
the  plane  of  polarization  would  revolve  when  the  ray  passes  through 
the  crystal,  will,  for  the  same  crystal,  be  proportional  to  the  thickness 
of  the  plate. 

The  direction  in  which  the  plane  of  polarization  is  thus  made  to 
torn  is  different  in  different  specimens.  Thus,  two  different  plates  of 
rock  crystal,  having  the  same  thickness,  will  turn  the  plane  of  polar- 
ization, one  to  the  left  and  the  other  to  the  right. 

1298.  The  angle  through  which  that  plane  is  turned  varies  with 
the  refrangihility  of  the  light.  —  The  angle  through  which  the  plane 
of  polarization  is  turned  depends  also  upon  the  refrangibility  of  the 
light  transmitted  through  the  crystal,  the  angle  increasing  with  the 
refrangibility.  Thus,  if  a  polarized  ray  of  red  light  be  transmitted 
through  such  a  plate,  the  angle  through  which  its  plane  of  polariza- 
tion will  be  turned  will  be  less  than  that  through  which  the  plane  of 
polarization  of  an  orange  ray  would  be  turned,  and  this  latter  less 
than  that  through  which  the  plane  of  polarization  of  a  yellorr,  green 
or  any  other  more  refrangible  ray  would  be  turned. 

It  follows  from  this,  that  if  a  polarized  poncil  of  whiti^  lig>.t  be  in- 
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oident  upon  moch  &  pUte»  tte  emergent  pencil  wiU  tare  ciiffcienl 
pknce  of  polwiiation  for  light  of  eaich  degree  of  rcfjnuigibllitj. 

1299.  Th<  plane  may  make  a  compkU  reiyolutian  if  the  ihichtra 
of  tkt  crystal  bt  suJicienL — It  follow*  from  tliese  7;lietionie?ia,  tbat  in 
its  progress  through  the  thickness  of  such  a  crystal  the  pkoe  of  polfltriia- 
tioti  of  a  my  of  homogeneous  light  ih  gradually  turned  round  it£  c^ntre^ 
BO  that  a  thickness  may  be  aasigncd  which  will  c&use  this  plane  to  m^ke 
ft  complete  revolution,  bo  that  the  emergent  my  will  m  this  ca=ic  appeiir 
u  if  It  had  suffered  no  change,  although  in  reality,  in  its  progress 
through  the  crystal^  the  plane  of  its  polari;iation  had  in  afucocBBi  n 
formed  all  angles  with  its  original  direction  from  0'  to  300*. 

Tbis  cffoct  on  tho  plane  of  po? arista tion  may  be  iUustratod  by  th*^ 
notion  of  the  thread  of  a  serew  in  penetrating  any  substance.  M 

To  understand  this  distinction,  as  Sir  John  Hcrecbcl  has  observedj 
it  is  only  necessary  to  take  a  common  corkscrew,  and  holding  it  with 
the  head  towards  bim,  let  the  observer  turn  it  in  the  nsnal  manner, 
as  if  to  penetrate  a  cork.  The  head  will  then  turn  the  same  way  as 
the  plane  of  polarization  of  a  ruy  in  its  progress  from  the  spectator 
through  a  right-handed  crystal  may  be  conceived  to  do.  If  the  thread 
of  the  corkscrew  he  re  versed  ^  as  In  a  lefi>banded  screw,  then  the  mo- 
tion of  the  head,  as  the  instrument  advances,  would  represent  that  of 
the  plane  of  polarization  in  a  left-handed  crystal. 

1300.  •Angles  through  which  the  plane  is  turned  by  a  crystal  of 
quartz.  —  The  angles  through  which  the  plane  of  polarization  of  each 
of  the  component  rays  of  the  spectrum  is  made  to  turn  by  a  plate  of 
quartz  cut  perpendicular  to  the  axis  of  the  twenty-fifth  of  an  inch  thick 
IB  given  in  the  following  table :  — 

nomogenooui  Raj.  Arcs  of  Rotatton. 

o  / 

Extreme  red 17  80 

Mean  red 19  00 

Limit  of  red  and  orange 20  29 

Mean  orange 21  24 

Limit  of  orange  and  yellow 22  19 

Mean  yellow 24  00 

Limit  of  yellow  and  green 25  40 

Mean  green 27  61 

Limit  of  green  and  bine 80  03 

Mean  blue 82  19 

Limit  of  blue  and  indigo 84  84 

Mean  indigo 86  07 

Limit  of  indigo  and  violet 87  41 

Mean  violet 40  68 

Extreme  violet 44  06 

1301.  Efecl  of  amethyst,  —  Sir  David  Brewster  says,  that  in  ex- 
amining the  phenomena  of  circular  polarization  produced  in  amethyst, 
hB  ionnd  that  h.  posaoaaed  the  aame  power  in  the  same  specimen  dt 
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CIRCULAR  POLARIZATION.  27i 

tarning  the  plane  of  polaris^on,  both  from  left  to  right  and  ^m  right 
to  lefty  and  that  it  actoallj  consisted  of  alternate  strata  of  right  and  left- 
handed  anartz,  whoee  plimes  were  parallel  to  the  axis  of  double  refrao- 
tion.  These  strata  are  not  united  together  like  the  parts  of  certain  com- 
posite crystals,  whose  dissimilar  faces  are  brought  into  mechanical  con- 
tact; for  the  right  and  left-handed  strata  destroy  each  other  at  the 
middle  line  between  each  stratum,  and  each  stratum  has  its  maximum 
polarizing  force  in  its  middle  line,  the  force  diminishibg  gradually  to 
the  line  of  junction. 

1302.  Circular  polarization  in  liquids  and  gasn. — Rock  crystal 
is  the  only  solid  substance  in  which  circular  polarization  has  been 
observed.  This  phenomenon,  however,  has  been  discovered  in'several 
fluids.  Thus,  right-handed  circular  polarization  exists  in  turpentine, 
essence  of  laurel  (?),  gum  arabic  and  inuline ;  and  left-handed  polar- 
ization is  observed  in  essence  of  citron  (?),  syrup  of  sugar,  alcoholic 
solution  of  camphor,  dextrine,  and  tartaric  acid. 

1303.  Magnetic  circular  polarixatiim, — ^It  has  lately  been  shown 
by  Dr.  Faraday,  that  several  transparent  solids  and  liquids  acquire  the 
property  of  circular  polarization,  when  they  have  been  submitted  in  a 
certain  manner  to  magnedo  and  electric  action. 

These  bodies  appear  to  acquire  a  photogyrio  virtue,  or  a  property 
by  which  they  are  enabled  to  cause  the  planes  of  undulation  of  the 
liquid  which  traverse  them  to  revolve.   • 

Thus,  a  link  of  connection  is  indicated  between  two  physical  in- 
fluences which  seemed  hitherto  distinct  and  independent;  the  force 
which  produces  the  undulation  of  the  luminous  ether,  and  those  of  tha 
electric  and  magnetic  fluids. 
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nACTICAl  aUESTIONS  FOR  THE  STUDEyT. 


t.  Whftt  muii  be  ilia  tetigth  of  w  p[»n«  minor,  in  order  thai  ttn  obMrrcr 
nivy  we  hii  Whole  length  ihereiti,  iho  mirror  being  pUcdtl  pkiaUd  \o  th* 
observer  f 

2.  The  radius  of  a  concave  reflector  is  3  iDcbes,  and  tbe  distance  of  the 
focus  of  incident  rays  from  the  vertex  9  incbes:  what  is  the  position  of  the 
focus  of  reflected  rays  ?  (959.) 

Note.  —  The  formula  (a),  given  in  959.,  may  be  reduced  to  a  more  ooii* 
▼enient  form  for  use. 

Thus,  by  transposing  the  term  i,  we  have 

i—l        ^       2/— r 
fr"/-^     rf 
Hence 

whicb  gives  us  the  following  Rule  for  obtaining  the  position  of  tbe  fbeus  of 
reflected  rays :  —  Multiply  the  radiu»  of  the  mirror  by  the  distance  of  thi  foeut 
of  incident  rayt  from  the  vertex,  and  divide  the  product  by  twice  that  distance 
imniM  the  radius. 

By  a  proper  attention  to  the  signs  of  r  and  /,  tbe  formula  and  rule  may 
be  applied  to  all  cases  of  reflection  from  spberical  mirrors,  wbetber  concave 
or  convex,  and  whether  the  rays  be  diverging  or  converging. 

For  concave  mirrors,  r  is  positive ;  for  convex,  negative.  For  diverging 
rays, /is  positive;  for  converging,  negative. 

We  will  discuss  briefly  the  various  cases  which  may  occur.  For  coneatH 
mirrors,  there  are  three  cases. 

1st.  The  rays  may  be  diverging  and  the  focus  beyond  thi  principal  focus.  In 
this  case  2/  being  greater  than  r,  it  will  be  seen  from  tbe  formula  that^ 
will  always  be  positive;  that  is,  the  reflected  rays  will  converge  to  a  iW 
£feui  ia  front  of  Uie  mutoT. 
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PRACTICAL  QUESTIONS  FOR  THE  STUDENT.        S7S 
For  the  qnestioo  proposed  abore,  we  here 

/  =  1211=  11  inchei. 

^        18  —  3         ^ 

3d.  Th*  raffi  may  ht  diverging  and  thifoem  betwetn  tht  prine^al  Jffou  and 
tkt  vtrtex.    In  this  case  2/  being  less  than  r,/'  will  be  negatiye,  that  i% 
the  reflected  rays  will  diverge  from  an  imaginary  focus  behind  the  mirror. 
^     3d.  7^  rays  may  bi  converging.    In  this  case,/  is  negative,  and  the  fi>r- 
mula  becomes 

-2/-r         2/+r' 
which  is  always  positive.    Hence  such  rays  are  always  brought  to  a  real 
ibcus. 
For  convex  mirrors,  there  are  also  three  cases. 

1st.  7^  rays  may  be  diverging,  Yiett^f  is  positive  and  r  negative;  and 
the  formula  becomes 

/ —  ••/  . 

2/-f  r 

which  makes/'  always  negative.    Hence,  in  this  case,  the  reflected  rays 
always  diverge  from  an  imaginary  focus  behind  the  mirror. 

2d.  7^  rays  may  converge^  and  their  focue  be  betyjeen  the  principal  ficut  and 
the  vertex.  In  this  case,  r  and  /  are  both  negative ;  2/  being  less  than  r 
Hence  the  formula  is 

/>  =  — «-X— /^      rf      , 
-.2/+r        — 2/-fr' 
which  is  positive  so  long  as  2/  is  less  than  r.     Consequently,  in  this  case, 
the  reflected  rays  converge  to  a  real  focus  in  front  of  the  mirror. 

3d.  The  rayt  may  converge^  and  their  focut  be  beyond  the  principal  ficui.  In 
this  case,  2/ being  greater  than  r,  the  value  of/',  in  the  preceding  formulai 
will  be  negative.     Hence  the  reflected  rays  will  diverge. 

It  will  be  perceived  from  this  discussion,  that  rays,  incident  upon  a  con 
cave  mirror,  are  always  reflected  converging,  unless  their  focus  be  bctweel 
the  principal  focus  and  the  vertex. 

On  the  contrary,  rays,  incident  on  a  convex  mirror,  are  always  reflected 
diverging,  unless  their  focus  be  between  the  principal  focus  and  the  vertex. 

3.  A  candle  is  placed  16  feet  from  the  vertex  of  a  convex  mirror  whose 
radius  is  2  inches :  what  is  the  position  of  the  focus  of  reflected  rays  f 

4.  The  focus  of  converging  rays  incident  upon  a  convex  mirror  is  2  inches 
behind  the  vertex,  the  radius  of  the  mirror  being  5  inches;  the  vertex  of  a 
concave  mirror  having  the  same  radius  is  placed  at  a  distance  of  8  feet 
from  the  vertex  of  the  first  mirror :  determine  the  position  of  the  focus  of 
the  rays  reflected  from  the  second  mirror. 

5.  ShofW  that,  in  all  cases  of  reflection  from  spherical  surfaces,  the  con- 
lugate  foci  lie  on  the  same  side  of  the  principal  focus ;  that  they  move  in 
opposite  directions ;  and  that  they  meet  at  the  centre  of  the  reflector. 

6.  A  plane  mirror,  moveable  about  an  axis  in  iu  own  plane  parallel  to 
the  axis  of  the  earth,  revolves  from  east  to  west  with  half  the  sun^s  appft- 
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Ooii-iiH»  pcnoa  frOIng  down.  111. 

Oohtdoa»  dEMl  oi;  oa  graTlty  of 
0111m,  1S7.I  attnetUm  of,  les.; 
ftfftod  in  Mllda  and  lianldi,  164;  ez- 
ftmpleof^  165.;  Attnonon  ol^  betw— n 
ftloms  of  MUNt  infivrod,  IM. 

CoUisioB,  offoete  oi;  94.;  of  two  bodiof 
in  HUBO  diroetion,  96.;  in  oontraiy  di- 
notions,  97.;  of  oqvnl  muMi  with 
eqvnl  and  oppotite  reloeltiM,  99. 

Comboitiony  doot  not  dettroj  nnttOTi 
41. 

Componont  and  rMoltaat  oorralatiTa, 
66.;  and  ramltant  intenhaagoablo,  67. 

GompoiitioB  of  foreei,  66.;  of  foreat  ap- 
pliod  to  diflarant  pointi^  68.;  of  mo- 
tion, 74.;  OTimplai  o(  79. 

ComproMiUUtj,  4a.;  all  bodiai  eompraf- 

CoajproMJOB,  dlaiwiihaa  bnlk,  46.;  ang- 
manti  dauitj,  46.;  of  wood,  47.;  of 
■tona,  47.;  or  motali,  47.;  of  liqnidf, 
47.;  of  watar  provadi  48.;  of  gaaaa, 

48. 

Contraetibilitj,  46.;  of  liquids,  48.;  ose- 
ful  application  of,  52. 

Contraoiion,  general  effects  of,  53. 

Cordage,  strength  of,  266. 

Cornea,  611.     See  Eye, 

Corpuscles  of  blood,  35. 

Corpuscular  theory  of  light,  686. 

Couple  defined,  70.;  mechanical  effect 
of,  70.;  equilibrium  of,  71. 

Crank,  described,  220. ;  effect  of,  229. 

Crystals,  uni>axial,  707.;  bi-azial,  709. 

Crystallisation  indicates  existence  of  ul- 
timate molecules,  38,  39.;  process  of, 
39. 

Crystallised  state,  some  bodies  exist  na- 
turally in,  40. 

Crystalline  humour,  611.    See  Eyt, 

Density,  43. ;  determined  by  proportion 
of  mass  to  pores,  43.;  and  porosity 
correlative  terms,  43.;  examples  of,  44. 

Dilatability,  48. 

Dilatation  by  temperature,  51.;  of  liquids 
in  thermometers,  51.;  useful  applioa- 
tidu  of  metal,  52. ;  general  effects  of, 
52. 

Direction,  of  force,  64.;  of  motion  in 
curre,  74. ;  resultant  of  two  motions 
in  same,  77. ;  in  opposite,  78. ;  in  dif- 
ferent, 78. ;  vertical,  106. 

Distillation,  destructive,  42. 

Divine-bell,  375. 

DiTisibility,  30. ;  unlimited,  30.  37. ;  of 
water,  31. ;  of  other  bodies,  31. ;  ex- 
.amples  of,  31. ;  minute,  proved  by  col- 
oar,  37. ;  of  moaki  87. ;  shown  by  taste, 
%7, 


]>aelflilgr,6L; 
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Xarth,  proof  of  dinnial  rotatioB  of,  b| 
oompodtion  and  roiolBtioii  of  mote, 
87.;  graat  raoorroir  of  momenta^ 
196.;  attraeti  all  bodi«%  197.;  aai 
plaaeti  onoo  flnid,  166. 

Beboat  azplained,  466. 

Blaatidt^,  48.  67.;  of  gaaaa,  48.;  of  li- 
qvldib  49.;  of  aoUds,  49.;  oT  irory 
baUi,49.;  oaontehono  baUa,  60.;  itMl 
•pringi,  50.;  Umita  of  finrea,  50.;  of 
toriiffli,  51. ;  affacia  oC  58. ;  not  pro* 
portional to  hardnaai^  59.;  parfbet and 
imperfSBet,  lOL 

Endoamoae^  17S. 

Engina,  flra-,  870. 

Bqoilibiliim  of  eooplti^  TL ;  ttaUa,  m. 
atabla,  and  noBtral,  142.;  axamplm 
ol^  141.;  powar  and  weight  in,  tmi 
not  naoaaaarilj  impliad,  179.;,iBfaa 
aithar  aboolata  raat  or  vnilbrm  moti<«, 
180.;  stable,  of  floating  body,  335.; 
instable,  826. ;  neutral,  326. 

Erard's  piano,  example  of  complex  lover, 
age  in,  197. 

Eye,  609. 

Exosmose,  173. 

Expansibility  of  gases,  49. 

Falling  body,  velocity  of,  augments  with 

timeof  faU,  111. 
Fata  Morgana,  544. 

Filaments,  organised,  minnteneaa  o^  3& 
Filtration,  45. 

Fire-escapes,  example  of  pulley,  308. 
Fishes,  motion  of,  in  liquids,  83.;  iridea* 

cence  of  scales  explained,  698. 
Flexibility,  59. 
Florentine  experiment,  45. 
Fluids,  resistance  of,  247. 
Fly-wheel,  231.;   regulating  affect  o^ 

231-235. ;  position  of,  236. 
Friction,  250. 
Fur,  minuteness  of  filaments  of,  affords 

example  of  divisibility  of  matter,  33. 
Fusee,  228. 

Oalileo,  anecdote  of,  347. 

Galilean  telescope,  683. 

Gases,  compressibility  of,  48. ;  elasticity 

of,  48. ;  expansibility  of,  49. ;  may  b« 

reduced  to  liquid  and  solid  state,  166. 
Glass,  minuteness  of  filaments  of,  .32.; 

attracts  water  but  repels  mercury,  170. 
Glues,  effect  of,  168. 
Gold,  visible  on  touchstone,  32.;  leaf^ 

thinness  of,  34. ;  porous,  45. 
Governor,  225. 
V^ti?i\\;9,  «fttvtc«  of,  127.  131.;  apadflflb 
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erreatrial,  106.;  indicated  by 
fftctR,  106. 

reflecting  telescope,  681. 
id  feather  experiment^  108. 

67. 

8  defined,  439. 
Drgane  of,  explained,  463. 
nimpet  explained,  459. 

fallen    through,   analysis    of, 
Ulen    from,    proportional    to 

of  fall,  117. ;  of  fall,  formulao 
ing,  117.;   from  which   body 

second,  119.;  why  fall  from 
lot  so  destructive,  120. 
s  telescope,  683. 
on's  experiments  on  strength 
IT,  267. 
screw,  222. 
io  balance,  383. 
ter,  384. 

r  elastic  body,  101. 

kbility,  29. 

^62. 

^  angle  of,  102. 

S2.;    defined,   53.;    astronomy 

B  proofs  of  law  of,  55. ;  exam- 

56. ;  supplies  means  of  accu- 
ig  force,  233. 
,  689. 
rings,  thinness  of,  34. 

of  force,  64, 
ice,  429.  689.  724. 
ee  of  fish-scales,  Ac.  explained. 

Us,  elasUcity  of,  49.;  rebound 


iope,  500. 

ig,  89. 

it,  use  of,  shown  by  effect  of 

I'legs,  138. 

i  Opthalmometer,  662. 

notion,  Newton's,  103. 

t. 

>0. 

mechanical  properties  of,  291. ; 

Msion  of,   47.;    contractibility 

;  elasticity  of,  49.;   dilatation 

thermometer,  51.;  momentum 

;  maintain  their  level,  309. 

ti,  168.  255. 

,  flmple  and  complex,  188.; 
BBtion  of  simple,  188. ;  condi- 
r  equilibrium  of,  having  fixed 
39. ;  condition  of  equilibrium  of 
I  oord,  189. ;  of  a  weight  upon 
d  plane,  189. ;  classification  of 


mechanic  powers,  190.;  power  of,  how 
expressed,  198. ;  complex,  may  be  re- 
presented by  .equivalent  compound 
lever,  199. 

Machinery,  theory  of,  175. 

Magic-lanterns,  667. 

Magnitude,  26. ;  linear,  26. ;  superficial, 
26.;  solid,  26.;  of  corpuscles  of  blood,  35. 

Af alleability,  60. ;  varies  with  temper  - 
ture,  60. 

Marble,  pulverised,  31. 

Materials,  strength  of,  263. 

Meniscus,  564. 

Mercury,  methods  of  purifying,  350. 

Metals,  compression  of,  47.;  vibratory, 
59.;  hardness  and  elasticity  of,  by  com- 
bination, 59. ;  table  of  tenacity  of,  62. 

Metallic  bars,  useful  application  of  dila- 
tation and  contraction  of,  52. 

Microscope,  simple,  670.;  compound, 
673. ;  solar,  679. 

Microscopic  phenomena,  36. 

Mill-stones,  method  of  forming,  173. 

Mirage,  544. 

Mirrors,  silvering,  168. 

Molecules,  ultimate,  may  be  inferred, 
38. ;  too  minute  for  observation,  41. ; 
indestructible,  41.;  component  of  a 
body  not  in  contact,  43.;  weight  of 
aggregate  of,  is  weight  of  body,  127. ; 
effect  of  cohesion  on  gravity  of,  127. ; 
resultant  of  gravitating  forces  of,  128. ; 
method  of  determining  resultant,  129. 

Moment  of  power  defined,  184. 

Moment  of  weight  defined,  184. 

Momentum,  of  solid  masses,  90. ;  liquids, 
91.;  air,  91. ;  arithmetical  expression 
for,  93. ;  communication  of,  94. 

Moon,  appearance  of,  when  rising  or  set- 
ting, 649. 

Motion,  64. ;  why  retarded  and  destroy- 
ed, 55.;  how  effected  by  force,  64.; 
resolution  o^  74.;  direction  of,  in 
curve,  74. ;  principles  of  composition 
and  resolution  of  force  applicable  to, 
76. ;  of  two  in  same  direction,  re^ul. 
tant  of,  77. ;  in  opposite,  78. ;  in  dif- 
ferent,  78.;  composition  and  resolu- 
tion of,  examples  of,  79.;  of  fishes, 
birds,  Jkc,  82. ;  absolute  and  relative^ 
88. ;  laws  of,  102. ;  always  same  quan- 
tity in  world  explained,  104.;  of  fall- 
ing body  accelerated,  109.;  of  falling 
body,  analysis  of,  110. ;  uniformly  ac- 
eelerated,  111.;  of  bodies  projected 
upwards,  retarded,  121. ;  down  indin 
ed  plane,  121. ;  on  inclined  plane  uni- 
formly accelerated,  122.;  of  projec- 
tiles, 124. ;  causes  of  irregular,  223. ; 
eye  has  no  perception  of  any  but  an- 
gular, 651. 
T  1« 
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MuImI  KMiidf  or  Botei.    8m  Samtd, 

KtWioD't  Uwi  of  notion,  lOS. 

Kowtonian  teleieopo,  682. 

Nodid  linof  or  polnti.    Boo  Sinmd,  Um^ 

dnkitiim, 
Koiomberf's  pdlAriioopio  vpftnlbaM,  T38. 

Opon-gl*it»  68S. 
Optioal  instniinonts,  658. 
Orgudiation  of  animaloiilot,  36. 

Paiool't  oxperimontom  enulflM  to  wei^t 
offttmoophoro^  849. 

FoDoUi  of  roji,  diveimit  oiid  oonTor- 
g«iit»48S.    B—Liaku 

PwdulniB,  184. 136-248. 

PotrifketioB,  48. 

PhmtMOopf,  686. 

Photomotiyy  488. 

PUe-ensin^  S82. 

Pin,  lemning  towor  ol^  186t 

Piano,  indinod,  121. 

Plane  of  reflection,  495. 

Plumb-line,  106. 

Point,  workinfCt  defined,  175. 

Polariecopes,  716. 

Pores,  defined,  43.;  proportion  of  to 
mass  determines  density,  43.;  difi'or 
from  cells,  44.;  sometimes  occupied 
by  more  subtle  matter,  44. ;  the  den- 
sest substances  have,  45.;  of  bodies 
the  region  of  molecular  forces,  163. 

Porosity,  43.;  and  density  correlative 
terms,  43. ;  examples  of,  44. ;  of  wood, 
44. ;  of  mineral  substances,  45. ;  of 
mineral  strata,  46. 

Power,  moving,  defined,  175.;  when  it 
more  than  equilibrates,  accelerated 
motion  ensues,  180. ;  when  too  small 
to  equilibrate,  motion  retarded,  181. ; 
moment  of  defined,  184. 

Powers,  mechanic,  classification  of,  190. 

Prism,  547.     See  Light. 

Prismatic  spectrum,  581.     See  Light, 

Projjectilo,  shot  horizontally,  124.;  moves 
in^arabolic  curves,  126. ;  conclusions 
as  to,  modified  by  resistance  of  air, 
126. 

Projection,  oblique,  125. 

Props  or  points,  eff'ecta  of,  in  machinery, 

1  TO 

Pulley,  205. 

Pugilism,  collision  in,  99. 

Pump,  rope,  169.;  air,  363.;  lifting,  367.; 

suction,  368. ;  forcing,  369. 
Pyramid,  stability  of,  135. 

Questions,  practical,  on  Mechanics,  279.; 
00  Hydrostatics,  Hydraulics,  Pneuma- 
Uc9,  and  Sound,  466.}  on  QrptiQa,l«l. 


Bdlway,  ourlac*^  o^oei  lot  fidl  frtui, 
85.;  traim,  ooUiakm  of,  99. 

Bajfly  diyerging  and  eoaroixin^  481 
Boo  Light. 

Boaotion,  and  aetioBy  97, 107.|  bow  mo- 
difled  by  elastidty,  100. 

BofloeliMi  and  inoMOBoe,  102. 494L ;  Isn 
of;  ozplainody  687. 

Bofleotorv,  562.    Boo  tight 

Bofraetiott,  68L  Boo  X^^iU.— indoz  ot, 
588.  650.  554.;  foeoi  of;  562.;  laws 
o^  ozplalnod,  687. ;  donUo^  700. ;  lavi 
of  doaUoy  70S. 

BognlatOTy  225.  |  general  ]irineiplo  of 
notion  of;  225. ;  goremor,  225. ;  pen- 
dnlom,  balaneo-whool,  226.;  mUr, 
227. ;  ftiaeo,  228. ;  fly-wheel,  231. 

Bepobion,  164.;  nnitaal»  of  atoms  of 
gas,  166.;  nntaal,  aMiibed  to  inflv- 
enee  of  heat»  168. :  VetweenaolidaaBd 
liqaida,168. 

Beeolntion,  of  foroe^  07.|  of  motimi,  74; 
example!  of,  79. 

Kesnltant,  of  forces  in  same  direetion,  65.; 
of  opposite  forces,  65.;  and  compo- 
nent correlative,  65. ;  of  forces  in  dif- 
ferent directions,  66. ;  and  component 
interchangeable,  67. ;  of  any  number 
of  forces  in  any  directions,  67.;  of 
parallel  forces,  68.;  single  condition 
under  which  two  forces  admit  a,  72. ; 
of  two  motions  in  same  direction,  77. ; 
in  opposite,  78. ;  in  different,  78. ;  of 
gravitating  forces  of  molecules,  128. 
Retina,  612.    See  Eye, 

St  Peter's  at  Rome,  singular  optical  il- 
lusion produced  in,  650. 

Savart's  modification  of  theory  of  con- 
tracted vein,  333. 

Science,  physical,  a  series  of  approxima* 
tions  to  truth,  177. 

Sclerotica,  611.     See  JS^ye. 

Screw,  218. 

Screw-press,  234. 

Shot  manufacture,  165. 

Silk,  33. 

Siphon,  371. 

Sircno  described,  441. 

Sledge-hammer,  232. 

Smeaton's  pulley,  210. 

Soap-bubble,  thinness  of,  S3. 

Solders,  effect  of,  168. 

Solids,  elasticity  of,  49.;  examples  of 
elasticity  of,  49. ;  momentum  of,  90. 

Sound,  423. 

Speaking-trumpet  explained,  459. 

Spectacles,  658. 

Spectra,  ocular,  639. 

Spectrum,  prismatic,  581.    See  LighL 
\  %Xk\!^«^a  ^«kV|  ^tkanesB  of,  87. 
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BtebOiftj,  of  body,  eonditions,  135.;  of 
pjnmid,  135. ;  of  a  loaded  vehicle, 
1S7. ;  of  a  table,  137. ;  of  body  sap- 
ported  on  sereral  feet»  137. 

Bteamboate,  eollisioii  of,  99.;  expedi- 
ent! adopted  in,  to  connteraot  effect  of 
side  wind,  828. 

Steel  springs,  elastidtj  of,  50. 

Btone,  compression  of,  47. 

Bon,  i4>pearanoe  o^  when  rising  or  set- 
ting, 649. 

Bwimming,  79. 

Byringe,  exhausting,  865. 

Telescope,  680. 

Temperature,  dilatation  by,  51. ;  affects 

malleabiUty,  60. 
Tenadty,  61. ;  table  of,  of  metals,  62. ; 

of  fibrons  textores,  62. 
Terrestrial  telescope,  685. 
Tbaomatrope,  636. 
Cmber,  strength  of,  266. 
Torrioelli,  anecdote  o^  347. ;  celebrated 

experiment  of,  348. 
Torsion,  elasticity  o^  51. 
Tread-mill,  200. 
Tredgold's  table  of  transrerse  strength 

of  metals  and  woods,  275. 
Tabes,  properties  of  capillary,  170. 

Undulation,  theory  of,  398. 
Undnlatory  theory  of  light,  687. 

Veloeity  defined,  74.;  table  of,*of  cer- 
tain  moving  bodies,  76. ;  uniform,  76.; 
moving  force  augments  with,  91. ;  be- 
ing the  same,  moving  force  augments 
with  mass  moved,  92. ;  all  bodies  fall 
with  same,  107. ;  of  falling  body  aug- 
menU  with  time  of  fall.  111.;  of  £i^ 
formnlsB  expressing,  117. 


Vena  contracta,  332. ;  two-thirds  sf  ori- 
fice, 332. 
Vessels,  sailing,  effect  of  wind  on,  82. 
Vibratory  met^,  59. 
Vis  inertisB,  a  term  fertile  of  error,  53. 
Vision,  615.    See  Eye. 
Vitreous  humour,  612.    See  Eye, 
Voice,  organs  of,  described,  460. 

Water,  ultimate  atoms  of,  eomponni, 
30. ;  divisible,  31.;  compressibility  of, 
proved,  47.;  machines  for  raising, 
367. 

Waves.     See  VndulaUon.     See  Sound, 

Wedge,  216.;  two  inclined  planes,  216.; 
theory  of,  practically  inapplicable, 
216.;  power  applied  to,  usually  per- 
cussion, 217.;  practical  use  of,  217.; 
practical  examples,  cutting  and  pierc- 
ing instruments,  217. ;  utUity  of  fric- 
tion to,  217. 

Weight  of  bodies  proportional  to  quan- 
tities of  matter,  109.;  of  body  aggre- 
gate of  its  molecules,  127. ;  defined, 
127.  176. ;  moment  of,  defined,  184. 

Welding,  61. 

Wheelwork,  199. 

Whirling-table,  to  illustrate  centrifugal 
force,  149. 

Whispering-galleries  explained,  458. 

White's  pulley,  210. 

Wind,  81.  91. ;  effect  of,  on  sailing  ves^ 
sels,  81.  327. 

Windlass,  200. 

Wire,  micrometric,  32. ;  used  in  embroi- 
dery, 34. ;  Wollaston's,  32. 

Wollaston's  wire,  32. 

Wood,  buoyancy  of,  44.;  porosity  o^  44.| 
oompression  of,  47. 

World,  same  quantity  of  motion  in,  ex^ 
plained,  104. 
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CAMPBELL'S    LORD-CHANCELLORS.    Mew  Edition.    (Jiut lasned.) 

LIVES  OF  THE  LORD  CHANCELLORS 

AND 

KEEPERS  OF  THE  QREAT  SEAL  OF  ENGLAND^ 

rROM   THE   EARLIEST  TIMES   TO  THE   REIGN   OF   KINO   GBOBOE   IT. 

BY  LORD  CHIEF-JUSTICE  CAMPBELL,  A.M.,  F.R.S.B. 

Second  American,  from  the  Third  London  Edition. 

Complete  in  seven  handsome  crown  870.  rolnmes,  extra  cloth,  or  half  morocoo 

This  has  been  reprinted  from  the  author's  most  recent  edition,  and  embraeas 
Ua  extensive  modifications  and  additions.  It  will  therefore  be  found  eminently 
vorthjr  a  continuance  of  the  great  favor  with  whioh  it  has  hitherto  been  receivei. 

Of  the  solid  merit  of  the  work  our  Judgment  mav  be  gathered  fh>m  what  has  already 
been  said.  He  will  add  that,  fh)m  its  infinite  fund  of  anecdote,  and  happy  variety  of  style, 
the  book  addresms  itftelf  with  equal  claims  to  the  mere  general  reader,  as  to  the  legal  or 
hintorical  inquirnr;  and  while  we  aToid  the  stereotyped  commonplace  of  affirming  that  no 
lihrary  can  be  complete  without  it,  we  feel  constrained  to  afford  it  a  higher  tribute  by  pro* 
aounring  it  entitled  to  a  dl^tiDguisbed  place  on  the  shaves  of  every  scholar  who  is  fortunate 
•Doogh  to  poeiieas  it. — Fnuer't  Magazine. 

A  work  which  will  take  its  place  in  our  libraries  as  one  of  the  most  brilliant  and  vshiable 
sootributious  to  the  literature  of  the  present  day.— ^^Aemeum. 


BY  THE  SAME  AUTHOR— TO  MATCH  —  (Now  Ready). 

LIVES  OFTHE  CHIEF-JUSTICES  OF  ENGLAND, 

Prom  tlie  Homuui  Conqaeit  to  the  Death  of  Lord  Tenterden. 

SECOND   BDITIOW. 

In  three  very  neat  vols.,  erown  8vo.,  extra  cloth,  or  half  moroeeo. 
To  mateh  the  "  Lives  of  the  Chanoellors"  of  the  aame  eathor. 
Aleo,  now  ready,  and  for  sale  separate,  to  complete  sets  — 
VOL.  TIL.  CONTAINING   THE    LIVES    OP   LORDS    KENYON,   ELLEN- 
BOROUGH,  AND  TENTERDEN.     Crown  8vo.,  varions  styles  of  binding,  to 
match  sets. 

MEMOIRS  OF  THE  LIFE  OF  WILLIAM  WIRT.  — By  JoHit  P.  Kewkedt, 
Esq.  In  two  handsome  royal  12mo.  volumes,  extra  eloth,  with  a  Portrait. 
Also,  a  handsome  Library  Edition,  in  two  octavo  volumes. 

GRAHAM'S  HISTORY  OF  THE  UNITED  STATES;  Fbom  the  Fouhding 
OF  THE  British  CoLoniEa  till  tbbir  Assumption  op  Independence.  —  Re- 
vised Edition,  from  the  Author's  MSS.  With  a  Portrait,  and  a  Memoir  by 
President  Qcinct.    In  two  large  and  handsome  octavo  vclumes,  extra  cloth. 

OiriZOT'S    OLIVER    CB01CWELL. 

HISTORY  OF  OLIVER  CROMWELL  AND  THE  ENGLISH  COMMON- 
WEALTH, from  the  Execution  of  Charles  I.  to  the  Death  of  CrroiwelL  In  two 
large  and  handsome  royal  12mo.  volumes,  extra  cluth 


RUSSELL'S    LIFE    07   FOX. 

MEMORIALS   AND    CORRESPONDENCE    OF   CHARLES   JAMES   FOX. 
Edited  by  Lord  Jobjt  Russell.    In  two  handsome  royal  IZmo.  volumoi^  doth. 


I  BLAHCHAD  *  ISA'S  PPBMCAlIO»a^lffwWfainww,l 

THE  ENCYCLOPADIA  AMERICANA.* 
A  POPULAR  DIOTIONAKT  OF  ARTS,  SCIBHCB8,  LITBRATURE,  HIS- 
TORT,  POLITICS,  AND  BIOORAPHT.     In  fourtetn  Urg*  octovo  Tolamei 
of  over  600  doablt-eolnmned  pag«i  mtHk,    For  aale  Teiy  low.  In  rsriou  §iy]M 
of  Wndinf. 

MURRAY'S  ENOYCLOpTdIA  OF  GEOeRAPHY. 

THE  BNCTCLOP^fiDIA  OF  GBOGRAPHT,  eomprUng  a  Coapleto  Dcteriplioo 
of  tin  Earth,  Pbytlenl,  SUtUtienl,  avU,  and  PoUtienl j  osbiUfefaiff  Ito  Rotation 
to  tho  Heavenly  Bodiee,  ite  Phyelcal  Stmetare,  tho  Natural  Bistory  of  eoeli 

1  Conntiy,  and  the  Induitry,  Commeree,  Political  InetltntioBt,  and  Ciril  and 
Social  State  of  all  Nationa.  Roviaad,  with  Additions,  by  Tbomas  O.  Bnan- 
PoaD.    In  three  large  octaro  Tolamet.  Tarioui  ttylei  of  bindlnf. 

YOUATT  AND  SKINNER  ON  THE  HORSE. 
THE  HORSE.— Bt  Wiluav  Touatt.  A  New  Edition,  with  nnmarow  Illnfltra. 
tioni.  Togothor  with  a  General  History  of  tbo  Horse;  aPUswtattoa  on  the 
American  Trotting  Horse;  bow  Trained  and  Jockeyed;  an  Aeeonnt  of  Us  Re- 
narkabU  Performaneee ;  and  an  Essar  on  the  Ass  and  tho  Mala.  By  J.  8. 
SKumam  Assistant  Postraaster-Generat  and  Edilor  of  tiM  Ttaf  Register.  In 
one  handsome  ootaro  rolnme^  extra  oloth. 

YOUATT  AND  LEWIS  ON  THE  DOG. 

THE  DOG.  By  William  Youatt.  Edited  by  E.  J.  Lewis,  M.D.  With  nu- 
merous and  beautiful  Illustrations.  In  one  rery  handsome  volume,  crown  8ro., 
csimson  cloth,  gilt. 

THE  YOUNG  MILLWRIGnX  AND  MILLER'S  GUIDE.  By  Oliver  Evahh. 
With  Additions  and  Corrections  by  Tbosiab  P.  Jokks  ;  and  a  Description  of  an 
Improved  Merchant  Flour-Mill,  by  C.  and  0.  Evajis.  With  twenty-eight 
Plates.    Fourteenth  Edition.    In  one  neat  OctaTo  volume,  leather. 


ACTON'S  MODERN  COOKERY,  w  all  its  Branches,  reduded  to  a  Ststem 
OP  East  Practice.  Edited  by  Mrs.  S.  J.  Hale.  In  one  neat  royal  12mo. 
volume,  extra  cloth,  with  numerous  Illustrations. 

NARRATIVE  OF  THE  UNItED  STATES'  EXPEDITION 
TO   THE   DEAD   SEA  AHD    BIYEB  JOBDAH. 

BY  W.  F.  LYNCH,  U.  8.  N.  (Commander  op  the  Expeoitiox). 

In   one  very  large  and  handsome   octavo  volume,  with   twenty-eight  beantifal 
PlatcH,  and  two  Maps. 

TiiiH  tiook,  so  loDK  and  anxiouvly  expected,  fully  sustains  the  hopes  of  the  most  sangulM 
Muil  fiuiluliouN.  It  ill  truly  a  magnifioeut  work.  Tbe  typo,  paper,  binding,  style,  and  ezeca 
tiun.  are  all  of  tho  Iwnt  and  hijjchofit  rhnmrtor,  as  ar«)  aim  the  mape  and  en|i;r«Tlngs.  It  will 
do  more  to  elevate  the  cbaract4>r  of  our  national  literature  than  any  work  that  baa  appeared 
fbr  yearn.  The  intrinsic  intere«*t  of  the  sul\}eet  will  give  it  popularity  and  immortality  at 
once.  It  muMt  be  read  to  be  appreciated :  and  it  will  be  read  extensively,  and  vaSaed,  both 
in  tills  and  other  countries.— Zar/y's  Book. 

Also,  to  be  bad  — 
CONDENSED  EDITION,  one  neat  royal  I2mo.  volume,  extra  eloth,  with  a  Map. 

NIEBUHB'S  ANCIENT  HISTOBY. 

LECTURES  ON  ANCIENT  HISTORY;  prom  the  Earliest  Times  to  the 
Taking  op  ALEXANnaiA  bt  Octaviawus.  Comprising  the  History  of  the 
Asintio  Nations,  the  Egyptians,  Qrecks,  Macedonians,  and  Carthagcnians.  By 
B.  O.  NiKBUUR.  Translated  from  the  German  Edition  of  Dr.  Marcus  NiEBrnii, 
by  Db.  Lkonhard  Schmixx*,  with  Additions  and  Corrections  from  hU  own  UH, 
JVotee.    In  three  bandiomt  cto^n  ocXax^  ^^\>»si«%,  ^^.Vca  cloth. 
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NEW   AND   IMPROVED  EDITION. 

LIVES  OF  THE  QTTEEHS  OF  ENGLAND, 

FROM  THE  JJORMAN  CONQUEST.  With  Anecdotes  op  their  Courts. 
Now  first  pnblUbed  from  Official  Records,  and  other  Authentic  Document^ 
Private  as  well  as  Public  New  Edition,  with  Additions  and  Corrections.  By 
AoKBS  Strickland.  In  six  rolumes,  crown  octavo,  extra  crimson  cloth,  or 
half  morocco,  printed  on  fine  paper  and  large  tjpc.  Copies  of  the  Duodecimo 
Bdition,  in  twelve  volumes,  may  still  be  had. 
A  valuable  eontrlbution  to  hlntorieal  knowledge,  to  young  pemons  especially.    It  contains 

a  maM  of  every  kind  of  historical  matter  of  interest,  which  indostry  and  resource  could 

collect.    We  have  derived  much  entertainment  and  Instruction  from  the  yrotk.—Ath€meuim. 
The  execution  of  this  work  is  equal  to  the  conception.    Great  pains  have  been  taken  to 

make  it  both  interesting  and  valuable.— ZOerary  GaatUt. 
A  charming  work— f\cill  of  interest,  at  once  serious  and  pleasing.— Jfontidtr  OtiitOL 

TO  BK  HAD   IBPARATE. 

UYBS  OF  THE  QUEENS  OF  HENRT  VIIL,  and  of  bis  mother,  Elisabeth 

of  York.     Cy  Miss  Stricki^and.     Complete  in  one  handsome  crown  octavo 

volume,  extra  cloth.     (Just  Issued.) 
If EMOIRS  OF  ELIZABETH,  Second  Queen  Regnant  of  England  and  Ireland. 

By  Mias  Strickland.    Complete  in  one  handsome  crown  octavo  volume,  extra 

eioth.    (Just  Issued.) 

IHTRODUCTORT  TOLlTine   TO   STRICKLAND'S   QUEENS.      (Jost  IsSQed.) 

LIYES    OF    THE    QUEENS    OF    ENGLAND    BEFORE    THE    NORMAN 
CONQUEST.    By  Mrs.  M.  Hall.    In  one  handsome  erown  8vo.  rolame^ 
rarioos  styles  of  binding. 
This  work,  which  may  be  regarded  as  a  necessary  Introdnotion  to  Iflss  Striek* 

land's  charming  volumes,  is  printed  in  uniform  style,  and  can  be  bad  in  bindings 

to  match. 


GRAHAM'S  INORGANIC  CHEMISTRY.    (Now  complete.) 

ELEMENTS  OP  INORGANIC  CHEMISTRY,  including  the  Applications 
of  the  Seienoo  in  the  Arte.  By  Thomas  Graham,  F.  R.  S.,  Ae.  New  and 
much  enlarged  Edition,  by  Hbnut  Watts  and  Robert  BRinoRS,  M.  D.  With 
225  Engravings  on  Wood.  Complete  in  one  large  octavo  volume,  of  over  800 
large  pages.    Price,  $4.00  in  extra  cloth. 

Part  II.,  completing  the  work,  from  page  431  to  the  end,  with  Index,  Title- 
matter,  Ac,  may  be  had  separate,  cloth  back  and  paper  sides.    Price,  $2.50. 

The  long  delay  which  has  occurred  since  the  appearance  of  the  first  portions 
of  this  Work  has  rendered  necessary  an  Appendix  embodying  the  investigations 
and  discov^eries  of  the  last  few  years  in  the  subjects  contained  in  Part  I.  This 
occupies  a  large  portion  of  Part  II.,  and  will  be  found  to  present  a  complete  ab- 
stract of  the  most  advanced  position  of  the  general  principles  of  the  science,  as 
well  as  all  details  necessary  to  bring  the  whole  work  thoroughly  up  to  the  present 
time,  in  all  departments  o'^  inorganic  chemistry.  The  great  reputation  which  the 
work  has  everywhere  obtained  — in  England,  on  the  Continent,  and  in  this 
country  —  both  as  a  text-book  for  the  student,  and  as  a  work  for  daily  reference 
by  the  practical  chemist,  will,  it  is  hoped,  be  fully  maintained  by  the  present 
enlarged  and  improved  edition. 

Gentlemen  desirous  of  procuring  Part  II.,  to  complete  their  copies,  are  re« 
qaested  to  make  application  for  it  without  delay. 

ABEL  Aim  BLOXAM'S  CHEHISTBT. 

A  HAND-BOOK  OF  CHEMISTRY,  THEORETICAL,  PRACTICAL,  AND 
TECHNICAL.  By  F.  A.  Abel  and  C.  L.  Bloxam.  In  one  large  and  hand- 
some oclavo  volume,  of  over  650  pages,  with  numerous  Illustrations.     $3.25. 

DE    LA    B  EC  HK'S  ^GEOLOGY. 

THE  OBOLOQICAL  OBSERVER.  By 8i«nMtLTT.\^m\.k'&ws«v^:^^>^^ 
la  one  Urge  and  hiindsume  octuvo  volume,  iiVt\i  utav  ^^^\>^aaXx«90kWM..  %V^^ 


#  BLAlfOHABD  A  LEA'S  PPBLIOATIOJS    (Jfafaniiffau) 

XaMU  PiUUihad, 

PRINCIPLES  OP  COMPARATIVE  PHYSIOLOGY. 

BT  W.  B.  CABPSNTBR,  ILD^  F.E.fi^  tta. 
A  Btw  ABcriema,  At>ai  th«  foarth  and  ravited  London  tdit&un.    In  ono  Inrgo  and 

handsome  ooUito  rolnm*  of  750  fingti,  vlUi  S09  benatiftil  iUnttntioDi.  $i.80. 

The  preient  edition  of  khii  work  wUl  be  fonnd  in  erery  waj  weithj  of  iu  hU^h 
reputatioD  aa  the  ituidard  text- book  en  Uiii  enlJeeL  Thorongblj  reri#ed  and 
broaght  op  by  the  author  lo  the  lateet  date  of  aelenKifie  InTcatfgalioa,  and  IDnt- 
traled  with  a  proftuion  of  new  and  beaatUU  eagfmrina.  It  hna  been  printed  In 
the  moat  careful  manner,  and  forma  a  toUmm  which  uenld  be  in  the  ficcindpn 
cf  evcffj  etudent  of  aataral  hiatety. 

BT  TBI  lAwn  AVTioa.    (Ifow  Beady.) 
TUB  VTCROSCOPB  AKD  ITS  RBVELATI0N8.    With  an  Appendix  eon- 

tainlng  the  Applieationi  of  the  ineroeeope  to  Clinical  Uediclnep  ete.    By  F. 

6.  Smrn,  ILD.    Illnetrated  by  484  beantiftil  engraHnfi  on  wood.    la  one 

large  and  very  handaome  eeUvo  Yolnme  of  714  pageai  astts  eleth,  t4.M. 

leather,  $4.60. 

Dr.  Oarpenter^i  pocitlon  aa  a  mturoeeoplat  and  phyaiolaglaty  and  hb  grant  ezpc 
rienee  aa  a  teacher,  eminently  qnaliQr  him  to  prodace  what  haa  leag  been  wanted 
--a  good  text-book  on  the  praotical  nee  of  the  mieroeoope.  In  the  preaent  Telnme, 
hia  object  hat  been,  at  iUted  in  hie  Praihoe,  "to  combine,  within  a  moderate 
eoDipaM,  that  information  with  regard  to  the  nee  of  hia  'toola,'  which  ia  most 
esaential  to  tbo  woricing  micro80opu>t,  with  saoh  ao  account  of  the  objecta  b«it 
fitted  for  his  study,  as  might  qualify  him  to  comprehend  what  he  observes,  and 
might  thus  prepare  him  to  benefit  science,  whilst  expanding  and  refreshing  bis 
own  mind."  That  he  has  succeeded  in  accomplishing  this,  no  one  acquainted 
with  his  prerioua  labors  can  dunbt. 

BT  TBS   SAME   AUTHOR.      (Just  issued.) 

ON  TUB  USE  AND  ABUSE  OF  ALCOHOLIC  LIQUOBS  IN  HEALTH 
AND  DISEASE.     In  one  neat  royal  12mo.  volume,  extra  cloth.     50  cts. 

BUSHNANS   POPUJLAR   PHYSIOLOGY. 

THE  PUINCIPLES  OP  ANIMAL  AND  VEGETABLE  PHYSIOLOGY. 
By  J.  STBTK580N  BusB.f  AN,  M.D.  lo  000  handiomc  royal  12mo.  volume,  with 
over  100  Illustrations. 


OWEK  OH  THE  8XELET0H  AND  TEETH.    (Now  ready.) 
THE  PRINCIPAL  FORMS  OF  THE  SKELETON  AND  OF  THE  TEETH. 
By  Professor  R.  Owkn,  author  of  **  Comparative  Anatomy,"  Ae.     In  one 
handsome  royal  12mo  volume,  extra  cloth,  with  numerous  Blustrationa.    $1.25. 


PRINCIPLES  OF  PHYSICS  AND  METEOROLOGY. 

By  Propebsor  J.  MHllrr.  Revised,  and  illustrated  with  over  600  Bngmvinga 
on  wood,  and  two  handsome  colored  Plates.  In  one  large  and  beautiful  oocavo 
volume  of  nearly  650  pages.    $3.50. 

PRINCIPLES    OF   THE   MECHANICS 

OF  MACHINERY  AND  ENGINEERING.  By  Profersor  JuLiua  Wbisbacb. 
Translated  and  edited  by  Pkofkssor  Gordon.  Edited,  with  American  addi- 
tions, by  PKOPBBitOR  Waltbr  R.  JouNKOif.  lo  two  Very  handsome  octavo 
volumes,  of  nearly  900  pages,  with  about  900  superb  Illustrationa.    $6.50. 


CHEMICAL  TECHNOLOGY; 

Or,  CHEMISTRY  APPLIED  TO  THE  ARTS  AND  TO  MANUFACTURES. 
By  Dr.  F.  Kmapp.  Edited,  with  numerous  Notes  and  Additions,  by  Dr.  Ed- 
JfUurD  RoiTALDS  and  Biu  Tiioiika^\c^K^xy«>Q''^«  '^\^J^  American  Additions,  by 
Pnor.  Waltbb  R.  JoHvaov.  In  ^^o  Vviwii^wfcm^  t^tXKt^k  ^v\>u&m^ ^\ i^^\^M 
pagea,  with  nearly  WO  apUuAid  TL\u*\x%xkoti*.   %^^- 
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KOW   COMPLBTB. 

HANDBOOKS  OF  NATURAL  PHILOSOPHY  AND  ASTRONOMY. 

BY  DIONYSIUS  LARDNEB,  D.C.L., 
Vormerly  Proteior  of  Natural  Philoaopby  and  Attnuunny  in  UniTenity  College,  London. 

Thia  raloable  Series  lit  now  complete,  coneutiog  of  three  Conrtea,  aa  followa : — 
Fl  R  8T    COU  R  SE, 

MECHANICS.  HYDROSTATICS.  HYDRAULICS.  PNEUMATICS.  SOUND.  &  OPTICS. 

In  one  large  rojal  12mo.  rolame,  of  750  pages,  with  424  IlluitratioDS.    $1.7j. 
SECOND    COURSE, 

HEAT.  MAGNETISM.  COMMON  ELECTRICITY.  AND  VOLTAIC  ELECTRICITY. 

In  one  rojal  12mo.  Tolume,  of  460  pages,  with  244  Illnstrations.     $1.25. 

THIRD    COURSE, 

ASTRONOMY  AND    METEOROLOGY. 

In  on«  vtrj  large  royal  I2mo.  Tolnme,  of  nearlj  800  pages,  with  87  Platea,  and 
over  200  lUnatrationa.    $2.00. 

These  volnmes  ean  bo  had  either  aeparately  or  in  uniform  seta,  oontaining  about 
2000  pages,  and  nearlj  1000  Illustrations  on  steel  and  wood. 

To  accommodate  those  who  desire  separate  treatises  on  the  leading  departments 
•f  Natural  Philosophj,  the  First  Course  may  also  be  had,  divided  in  three  por- 
tions, tis: 

Part  I.  Mechanics.— Part  II.  Hydrostattcs,  Htdraulics,  Pnechatics, 
and  Sound.  —  Part  IIL  Optics. 

It  will  thus  be  seon  that  this  work  furnishes  either  a  complete  court«  of  instnic- 
tlon  on  thcoe  sabjects,  or  Hcpurate  treatises  on  all  the  different  branches  of  Physical 
Science.  The  object  of  the  author  has  been  to  prepare  a  work  suited  equally  for 
the  collegiate,  academical,  and  private  student,  who  may  desire  to  acquaint  Lim- 
self  with  the  present  state  of  soienee,  in  its  most  advanced  eondition,  without  pur- 
suing  it  through  its  mathematical  consequences  and  details.  Great  industry  has 
been  manifested  tliroughout  the  work  to  elucidate  the  principles  advanced  by  their 
practical  applications  to  the  wants  and  purposes  of  civilised  life,  a  task  to  which 
Dr.  Lurdner's  immense  and  varied  knowledge,  and  his  singular  felicity  and  clear- 
ness uf  illustration  render  him  admirably  fitted.  This  peculiarity  of  the  work 
recommends  it  especially  as  the  text-book  for  a  practical  age  and  country  such  as 
ours,  as  it  intere«t(i  the  student's  mind,  by  showing  him  the  utility  of  his  studies, 
while  it  directs  his  attention  to  the  further  extension  of  that  utility  by  the  fulnoss 
of  iu  examples.  Its  extensive  adoption  In  many  of  onr  most  distingi^bhcd  col- 
lc;;es  and  seminaries  is  sufficient  proof  of  the  akiU  with  which  the  author's  inten  • 
tiuns  have  been  carried  ouL 

BIRD'S   NATURAL   PHILOSOPHY-. 

ELEMENTS  OF  NATURAL  PHILOSOPHY;  bkihg  an  Bxpbriiiextal  Intro- 
pucTiON  TO  THE  Phtsical  SCIENCES.  Illustrated  with  over  300  wood-cuts.  By 
GoLDiNO  Bird,  M.D.,  Assistant  Physician  to  Guy's  HoapitoL  From  the  Third 
I^ndon  edition.    In  one  neat  volume,  royal  I2mo.    $1.25. 

We  are  antonished  to  find  that  there  Is  room  in  so  small  a  book  for  even  the  bare  redtnl 
of  so  Diiiny  snbjertii.  Where  sTery thing  Is  treated  soednetly,  great  Judgment  and  much 
time  are  needed  In  msklnv  a  aelectton  and  winnowing  the  wheat  from  the  chaff.  Dr.  Bin] 
hn«  no  need  to  plead  the  |i«cuUarlty  of  his  podtlon  as  a  shield  against  eritifism,  so  lonic  at 
hU  book  continues  to  be  the  best  epitome  in  the  £ngUsh  language  of  this  wfala  range  dt 


phTAioal  su^iocts.— iVoWA  American  Seview 

ror  thoM>  dcKiriuK  as  exteunlTc  a  work.  I  think  It  dediledly  superior  to  anything  of  t 
kind  witL  whkOi  I  am  aoquainted^iW-  '^ohn  JohtuUm,  iVkik^n  Uhw^  MiUUUmny  t\ 


ABVOT'S  ELSKSirTS  07  PHTSIOS. 

ELEMENTS  OF  PHYSICS  j  or,  Natural  Philosopbt.  General  and  Medical 
written  for  Universal  Use  in  Plain  or  Non-technical  I^an^uage.  By  Ncii 
\RNyT,  M.T>.     In  one  octavo  volume,  with  about  200  Illu.«<tr!Hi'>iift.     $2.i0. 


•  HLAgOHAmP  A  LMAm  P0BUCATIOV&-{MMMtfHML) 

A    COMPLETE    COURSE   OF    NATURAL    RCIENOC    (JoiklmdL) 

THE  BOOK  OP  HATUEI. 

An  K1«iD«nUi7  TntrodaetioB  to  the  Belaact  of  Phytlet,  Attronomy,  CbtnUtrj^ 
Mintnlogy,  Q«ologj,  Botanj»  SoolMgr*  Md  PhyilologT.  By  Vfti Dines 
ScHdPLiB,  Ph.  D.,  Profettor  of  th«  Matoral  Scieneei  AlWorau.  Firit  Ame- 
rioMi  Sditton,  with  a  OloMny,  aad  otbtr  aMltioof  and  lamvwmrati.  From 
the  Second  BngUih  Bdiaoa,  tnotlUed  from  th«  Sixth  Ownui  Edition,  by 
Hmrt  M solock*  V.0.8^  Ao.  XHaitnted  hj  979  BngniTimci  on  wood.  In  one 
hmndeome  rolame,  erown  ootATO,  of  nbont  ToO  Urge  pngMi  Mtn  eloth.    $1.80. 

Ae  a  work  te  popnler  initmetloii  la  the  Natoial  aad  Phyntal  SdMMHL  R  cMtaSalv  !• 
nnctralled,  m  ftir  u  my  kaowledRe  latinii.  It  aAmiimblyeomUBet  pOTipknltf  with  la» 
^t  while aa mtcePept  jmlgm^t  airt  anat  JtwrlmiMtt—  ap>  maalftrt  to  the  mtwsrtm 
eod  amagement  of  topleii»  ai  well  ae  In  the  Atociptloa  of  oltfedii,  the  illniitcatloa  of  |iiM< 
BCNaeaa*  aad  the  etatameat  of  iirlaulBlM  A  men  cmefU  yerwal  of  theoi  dipavtmeati  of 
tbe work  to whlefa  my etmllw  hatoMi nattlealexty dbected, hee  btea  eboadaaUy  ea» 
•toot  to  mtlity  me  of  It!  entjge  leHahlwime  thet  the  olteet  of  tho  »thwf  wae  not  lo  mack 
teawawaewellytoftiUnicfc    IV^f.  .diha,  Qimii>  Jufiftrft,  OWe. 

1 4o  not  know  of  amyther  book  la  whkh  eo  mwh  thet  is  Impoitnt  «•  theoi  mltfeiti  CM 
be  ibiand  la  the  lame  ipaeo.— JVtT.  Jfthttttm,  Wktkfm  OMwnd^,  Cmm. 

Tbonch  a  rmy  oMapcehaadre  book,  it  eaatela*  eboat  h  much  of  thadetalk  of  aetaml 


I  etndente  la  thta  oonntiy  have  time  to  etady  la  a  recnlar  ecadgmWl 
m  wen  jpleaMd  with  U  that  I  dian  TCeommend  Ite  aae  •■  a  teatbeok  tai 

thlB  hmtttntieor-mg  JOm,  i^mftol  ^f  akrmd  Cmt^t^  J 
I  am  «4khted  with  Dr.  Schmdleff^  "Book  of  Hataio;*  Iti  toae  of  hmlftftil  fMy  aad 

leverenee  for  Ood'e  word  add  a  ebarm  to  the  looming  aad  deop  roomach  whieh  the  volnme 

OTorywhero  maiiifiMtaw->iVo/.  J.  A.  S^peneoTf  N.  T. 


BROWNE'S    CLASSICAL    LITERATURE. 

Second  and  improved  Edition.     (Now  ready.) 

A  HISTORY  OF  GREEK    CLASSICAL  LITERATURE. 

BY  THE  REV.  R.  W.  BROWNE,  M.A., 

Profeisor  of  ClaBsical  Literature  in  King's  College,  London. 

In  one  very  handsome  crown  octavo  volume.     $L50. 

By  the  same  Author,  to  match,  (now  ready,) 

A  HISTORY  OF  ROMAN  CLASSICAL  LITERATURE. 

In  one  very  handsome  crown  octavo  volume.    $L50. 

These  two  volumes  form  a  complete  Course  of  Classical  Literature,  designee 
either  for  private  rending  or  for  collegiate  text-books.  Presenting,  in  a  moderate 
oompnss  and  agreeable  style,  the  results  of  the  most  recent  investigations  of 
English  and  continental  scholars,  it  gives,  in  a  succession  of  literary  biographies 
and  criticisms,  a  body  of  information  necessary  to  all  educated  persona,  and  which 
oannot  elsewhere  be  found  in  so  oondensed  and  attractive  a  shape. 

I  am  Tory  favourably  impronod  with  the  work,  from  what  T  have  seen  of  It,  and  hope  to 
and  in  it  an  important  help  for  my  daas  of  history.  Such  a  work  ia  very  moeh  Beaded.— 
Pro/.  Oeuner  Marriiom,  Univenitg  of  Virginia, 

Mr.  Browne's  present  pnblloatlon  has  great  merit  His  selection  of  materials  Is  Jndiofooyly 
adapted  to  the  purpose  of  conveying,  within  a  moderate  compass,  some  definite  Idea  of  the 
leadinK  charao'^rlstles  of  the  great  classical  authors  and  their  works.  •••*••• 
Mr.  Browne  has  the  happy  art  of  conveying  InfennaUon  in  a  most  agreeable  manner.  It  is 
ImpoMlWe  to  miss  bis  moaning,  or  be  inscnnible  to  the  charms  of  his  polished  style.  Sufflce 
It  to  nay  that  he  has,  in  a  very  reailable  volume,  presented  much  that  Is  oseful  to  the  cUn- 
sIcHl  rf.ttder.  Bepidos  biogrsphipal  information  in  reference  to  all  the  Classical  Graek  au- 
thors, he  has  furniMhed  critical  n»m«rks  on  their  intcUcctnal  peculUritles,  and  an  analysis 
or  lUelr  works  when  thoy  are  of  suffiriont  iBii>ortsncc  to  rtf'wrre  lt-/-<»nrfoH  Atkenmiwu 
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New  and  mnch  improved  EditLon.— (Lately  Iitned.) 

PHYSICAL    GEOGRAPHY. 

BY  MARY  SOMERVILLE. 
A  new  American,  from  the  third  mod  revised  London  edition. 

WITH   IfOTES   A!fD   A   GLOSS  ART, 

BY  W.  S.  W.  RUSCHENBERGER,  M.D.,  U.  S.  Navt. 

In  one  large  rojal  12mo.  volume,  of  nearly  six  handred  pages.  $1.25. 
Eulogy  is  unnecessary  wilh  regard  to  a  work  like  the  present,  which  has  passed 
through  three  editions,  on  each  side  of  the  Atlantic,  within  the  space  of  a  few 
years.  The  publishers  therefore  only  consider  it  necessary  to  state  that  the  last 
London  edition  received  a  thorough  revision  at  the  hands  of  the  author,  who  in-i 
troduced  whatever  improvements  and  corrections  the  advance  of  science  rendered 
desirable ;  and  that  the  present  issue,  in  addition  to  this,  has  had  a  earefbl  exami- 
uation  on  the  pnrt  of  the  editor,  to  adapt  it  more  especially  to  this  country.  Great 
3are  has  been  exercised  in  both  the  text  and  the  glossary  to  obtain  the  accuracy 
so  essential  to  a  work  of  this  nature;  and  in  its  present  improved  and  enlarged 
state,  with  no  corresponding  increase  of  price,  it  is  confidently  presented  as  in 
every  wny  worthy  of  a  continuation  of  the  striking  favor  with  which  it  has  been 
evorj'where  received. 

BUTLER'S   ANCIENT   ATLAS. 

AN  ATLAS  OF  ANCIENT  GEOGRAPHY.  By  Samuel  Bdtler,  D.D.,  lat« 
Lord  Bishop  of  Litchfield.  In  one  handsome  octavo  volume,  containing  twenty- 
one  coloured  quarto  Maps,  and  an  aeoentnated  Index.    $1.50. 


TEXTBOOK  OF  SCRIPTURE  GEOGRAPHY  AND  HISTORY.    (Just Issued.) 

OUTLINES  OF  SCKIPTURE^OGRAPHY  AND  HISTORy,- 

mmtratiiig  tht  HiAtorieal  PortiLom  of  the  Old  and  Vow  Teotamento. 

DESIGNED  FOll  THE  USE  OF  SCHOOLS  AND  PRIVATE  READING. 

BY  EDWARD  HUGHES,  F.R.A.S.,  F.G.S., 
Head  Master  of  the  Royal  Naval  Lower  School,  Greenwicb,  Ac. 

BASED    UP05    COLEHAIf'S    HISTORICAL    GKOGRAPHT    OV    TBI    BIBLB. 

With  twelTe  handiome  eoloored  Kapi. 
In  one  very  neat  royal  12ino.  volume,  extra  eloth.    $1.00. 

The  intimate  connection  of  Sacred  History  with  the  geography  and  physio  ; 
features  of  the  various  lands  occupied  by  the  Israelites,  renders  a  work  like  tl  t 
present  an  almost  necessary  companion  to  all  who  desire  to  read  the  Scriptnn  t 
understandingly.  To  the  young,  especially,  a  clear  and  connected  narrative  of 
the  events  recorded  in  the  Bible,  is  exceedingly  desirable,  particularly  when 
illustrated,  as  in  the  present  volume,  with  succinct  but  copious  accounts  of  the 
neighboring  nations,  and  of  the  topography  and  politieai  divisions  of  the  countries 
mentioned,  coupled  with  the  results  of  the  latest  investigations,  by  which  Messrs. 
Layard,  Lynch,  Olin,  Durbin,  Wilson,  Stephens,  and  others,  have  succeeded  in 
throwing  light  on  so  many  obscure  portions  of  the  Scriptures,  verifying  its  accu- 
racy in  miuute  particulars.  Few  more  interesting  class-books  ooold  therefore  be 
found  for  schools  where  the  Bible  forms  a  part  of  education,  and.  none,  perhsps, 
more  likely  to  prove  of  permanent  benefit  to  the  scholar.  The  influence  which 
the  physical  geography,  climate,  and  productions  of  Palestine  had  upon  the  Jewish 
people  will  be  found  fully  set  forth,  while  the  numerous  maps  present  the  various 
regions  connortcd  ATith  th**  ffubjoct  nt  thoir  most  prominent  p«^no,l5. 
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A  MANUAL  OP  ANCIENT  GEOGRAPHY. 

BT  LEONHARD  8GHMITZ,  Ph.D. 

Itoetor  of  tte  njgh  liho^  JkUatatgk,  *& 

mth  a  llap  ^  e«Btf»l  Mnttftl^  Awlar  tlu  l«CiMt  «f  Ot  Vim  nkOBind. 

Ib  ob«  umI  royal  I  Sao.  vobiBt»  of  Bbool  MO  pogM.    tl.M. 

Tbo  ol^foot  of  tbo  Mthor  hoi  boon  to  proporo  a  Bonul  Ibr  Iko  ttadoati  wbieh, 
vlthiB  ooBToalont  Umlta!,  ihoU  pnoOBl  a  ekor  oad  ooMpIolo  oatllM  of  tbo  gcogropby 
of  tbo  ABoiont  World.  Tho  rooost  iorottlgotioai^  bolh  of  orttioi  ud  tmvollm^ 
kavo  opoood  BOW  toBioof  of  iBfbnMlSoB  Bad  ooinetod  BBBOCoai  orror%  rondoriof 
ooapBrBtlvoly  booIom  bob/  of  tlio  oldor  BBthorittco.  Ob  all  thooo  polBtfltatl 
iBforuatioB  will  bo  foood  Ib  tbo  pnoOBt  Tolaflie,  whieb  If,  tboroforo^  woll  cbIob* 
laKod  to  Mipply  a  waat  tbot  bu  booa  loBg  Mi  o&d  aoluiowlodiod. 


BT  THB  BAMS  AUTHOB— (Usilt  ProwiB) 

A  MANUAL  OF  ANCIENT  HISTORY, 

FROM  THE  REMOTEST  TIMES  TO  THE  OVERTHROW  OF 
THE  WESTERN  EMPIRE,  A.  D.  476. 

BY  Dr.  LEONHARD  SCHMITZ,  F.  R.  S.  E., 

Rector  of  the  High  Sehool,  Edinburgh. 

Witb  Copiouf  Cbronologioal  Tabloi. 

In  ooe  handsome  rojal  12mo.  volame  of  four  hundred  and  sixty-six  pages, 
extra  cloth.    $1  00. 


"  The  history  is  oonntrurted  with  art,  and 
eTpry  lending  erent  in  surrounded  with  such 
acceMories  an  will  plara  itfl  ini|iortanoecleArIjr 
before  tho  mind.  The  difficulty,  rarely  OTer- 
come  hy  compilers  of  manual*,  in,  to  prencnt 
a  broad  hintorical  liew  uniformly  orer  a  Taut 
apeop  of  time,  and  Indndlng  many  nattona 
and  nyntenia,  and  to  reconcile  the  introduction 
of  charactoriiitic  details  with  the  general  pro- 

CDrtiona  of  the  narratire.  Dr.  Schmiti  han 
appily  nurmounted  these  hardnhips  of  his 
taxk,  and  has  produced  a  full  and  masterly 
snrrey  of  ancient  history.  Iliii  manual  is  one 
of  the  best  that  can  be  placed  in  the  student's 
hmndM,*'—Mkenaum. 

<*The  work  Is  all  that,  and  more  than,  he 
represents  It  to  be.  We  hare  doraly  examined 
such  portions  of  the  history  as  we  are  best 
aoqnainted  with,  and  have  been  unable  to 
detect  a  single  error  of  fuL  The  general  a»- 
curacy  of  the  work,  therefore,  seems  to  us 
nnimpeaehable.  while  the  diction  Is  concise, 
lucid,  fluent,  and  Tlgorous.  The  chronological 
table  appended  Is  eomprehenslTe  and  well 
arranged :  and  the  minute  index  added  to  this 
rendum  the  Tolume  one  of  the  moat  valuable 
historical  works  of  reference  erer  printed.  We 
■hall  be  surprised  If  It  does  not  become  a 


popular  text-hook  In  our  high  schools  and 
collej^^a,  aM  well  an  a  favorite  Tolume  with 
Intelligent  general  readers.**— iV.  J'.  Cbmmtr- 
rial  Advertiser. 

From  Pnff.  J.  T.  ChampHnt  JfitterviOc 
(hUege^  Maine. 
**  T  have  no  hesiUtlon  in  saying  that  It  Is 
by  fiir  the  iKwt  manual  of  Ancient  HlMtory 
with  which  I  am  acquainted.  The  introduo* 
tion  of  the  hintory  of  the  non«4daRsleaI  nations 
is  an  entirely  new  end  Important  feature,  and, 
with  the  greater  completeness  of  Uie  chrono- 
logical tables,  and  the  general  excellenee  of 
the  whole,  cannot  fidl  to  commend  It  to 
public  fuTor.  I  shall  reoonunend  it  to  my 
classes  with  pleasure." 

/hwn  W.  J.  darlt,  JSkg.,  (korpetawn,  D.  C. 

**  One  of  the  best  compends  of  Ancient  His- 
tory with  which  I  am  femiliar.  Tlie  most 
pliilosophical  in  Its  arrangement.  It  combines 
most  admirably  the  two  elements  most  difll- 
cult  to  unite  —  concisenera  and  fulness.  I 
shall  substitute  it  for  the  work  at  premmt 
uf-ed  In  my  clasf>es.  to  which  I  gWe  It  an  Im* 
mcnse  prefercnt*.** 
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Now   COUPLBTB. 

SCHMITZ  AND  ZUMPfS  CLASSICAL  SERIES. 

By  the  completion  of  this  series,  the  classicAl  student  is  now  in  possession  of  a 
thorough  and  uniform  course  of  Latin  instruction,  on  a  definite  system.  Besides 
the  advantaj^es  which  thc^e  works  possess  in  their  typo^aphicnl  accuracy  and 
careful  adnptutitm  to  educational  purposes,  the  exceedingly  low  price  at  which 
they  arc  offered  is  a  powerful  argument  in  favor  of  their  general  introduction,  as 
removing  a  harrier  to  the  general  diffusion  of  classical  education  in  the  sixe  and 
costliness  of  the  text-books  heretofore  in  use. 

.  The  series  consists  of  the  following  volomes,  clearly  and  handsomely  printed, 
on  good  paper,  in  a  uniform  large  18mo.  siie,  strongly  and  neatly  bound,  and 
accompanied  with  notes,  historioai  and  critical  introductions,  maps,  and  other 
Illustrations. 

ScHMiTz's  Elbm BXTART  Latin  Oramkar  AND  ExBRCisBs,  extra  cloth,  price  $0.50 
Kaltsciimiot's  Scuool  Latiic  Dictionary,  in  two  Parts,  Latin -English, 

and  English-Latin,  nearly  900  pages,  strongly  bound  in  leather $1.30 

Part  I.,  Latin -English,  about  500  pages,       "  "  "       00 

Part  ir.,  English-Latin,  nearly  400  pages,  "  *'  "       75 

ScHMiTz'8  Advanced  Latin  Grammar,  318  pages,  half  bound,      .60 

AD7ANCBD  Latin  Exbrcisbs,  with  sblrctions  for  Rbadinq,  extra  cloth,  .50 
CoRNBLii   Nrputis  Libbr  db  Excrllentibus  Ducibds,  Ac,  extra  cloth,      .50 

CjtaARiB  OB  Bbllo  Qallico,  Libri  IV.,  232  pages, extra  cloth,      .60 

G.  C.  Sallustii  Catilina  et  Jdgurtha,  168  pages, extra  cloth,      .50 

Excrrpta  ex  p.  Ovidii  Nasonis  Carminibus,  246  pages, extra  cloth,      .60 

Q.  CuRTii  RuFi  DB  Albxandri  Maoni  Qd^  Supersunt,  326  pp.,  ex.  cloth,      .70 

P.  ViROiLii  Maronis  Carmina,  438  pages extra  cloth,      .75 

EcLoOiB  RX  Q.  HoRATii  Flacci  Pobmatibus,  312  pages, extra  cloth,      .60 

T.  Livii  Patavini  Historiarum  Libri  L  IL  XXI.  XXII.,  850  pp.,  ex.  cloth,      .70 

M.  T.  Ciceronib  Orationbs  Selects  XIL,  300  pages, extra  cloth,      .60 

Also,  uniform  with  the  Series, 
Baird'b  Classical  Manual  of  Ancient  Gboorapbt,  Anti- 

quitibs,  Cbronoloot,  Ao., extra  cloth,      .50 

The  volumes  in  cloth  can  also  be  had,  strongly  half-bound  In  leather,  with  cloth 
sides,  at  an  extra  charge  of  five  cents  per  volume. 

The  very  numerous  recommendations  of  this  series  flrom  classical  teachers  of  the 
highest  standing,  and  their  adoption  in  many  of  our  best  academies  and  colleges, 
sufficiently  manifest  that  the  efforts  of  the  editors  and  publishers  have  not  l^en 
unsuccessful  in  supplying  a  course  of  classical  study  suited  to  the  wants  of  the 
age,  and  adapted  to  the  improved  modem  systems  of  education. 

With  your  ClnMioal  Series  I  am  well  acquainted,  and  bare  no  h«>«iUanc^  in  recnmmendiDg 
th«m  to  all  my  (Honds.  In  addition  to  your  Vtrgll,  which  we  ura.  we  ahall  probably  adopt 
other  booka  of  the  mries  as  we  may  have  oocaaion  to  introduce  them. —  Pro/.  J.  J.  Owen, 
A'.  Y.  Fret  Academy. 

I  refcanl  this  aorlee  of  f^atin  text-booka  an  deHdodly  anperior  to  any  others  with  which  I 
am  acquainted.  The  Uvy  and  Ilorane  I  shall  Immediately  InCiodttoe  for  the  use  of  tho 
ooIle};e  clasM«s. — Prof.  A.  Jiotlins.  Ddawart  Colleye^ 

Having  examined  several  of  them  with  some  defcree  of  eare.  we  have  no  heeitatkm  fn  pis>> 
nouncing  them  among  the  very  beHt  extant — I*r^.  A.  C  Kmkb,  Hanover  CMegf^  htdiana, 

T  cHn  jrlve  you  no  better  proof  of  the  value  whicb  I  aet  on  them  than  by  making  nae  of 
thrm  in  my  own  claawfi,  and  recommending  their  um  In  the  preparatory  department  of  our 
InKtItntirin.  I  have  read  them  throu^rh  carefully,  that  I  might  not  apeak  of  them  without 
due  examination  :  and  1  flatter  myaelf  that  my  opinion  la  fully  borne  out  by  fkct,  when  1 
pronouuce  them  to  be  the  moat  n^Ail  and  the  moat  ntrreet  as  wtdl  as  the  cheapeat  «HlUlona 
of  liatin  Clawkm  ever  Introduced  In  this  cnantry.  The  r<atln  and  Enprllah  Dirttonary  eon> 
taina  aa  miirb  aa  the  atudent  can  want  In  the  earlier  years  of  his  enurm;  It  oontaina  more 
than  I  have  ever  m>en  oompreneed  into  a  hook  of  this  kind.  It  ouftht  to  be  the  atudent'a 
oonatant  companion  In  hla  redtatlona.  It  l-aa  the  extraordinary  recommendation  of  being 
at  once  portable  and  oomprehonidve. — /Vq/*.  R.  If.  NewelU  Maaonic  OJiege,  Tenn, 

That  invaluable  little  work,  the  HaMlcal  Manual,  baa  been  ui»e<l  by  me  for  some  time.  I 
woulil  not,  on  any  acmnnt.  be  wltlmut  it.  Ymi  have  not  ferlmpa  Nt^n  in(orme«I  that  it  has 
recently  been  iutr«Minr«N|  In  the  Tli'.'h  School  of  thla  place.  Its  typographical  accuracy  is 
Mmarkable.— ib^f^mold  it  Chattt  Harvard  Uhivcr$U^. 


U  BLAHCIUED  A  UAV  PCBUOATIOS&— (AhMlfeMlt) 

Shftw't  Bnglidi  Utantnn-Iatelr  PnUidwd. 
OUTLINES  OF  ENGLISH  LITERATURE. 

Bj  TiOMAS  B.  Shaw,  Profesfor  of  Engliih  Literature  in  the  Imperial  Alezandai 
Ljecom*  St  Petersburg,    SeeoDd  Ameriean  Edition.    With  a  Sketch  of  Ame- 
rican Literature,  bj  Haxar  T.  TucKBaMAV,  Esq.    In  one  laige  and  handaomo 
Tolome,  royal  12mo.,  of  about  Are  hundred  pacet.   $1.15. 
The  oljeet  of  thia  work  it  to  inreeeal  to  the  itadeaty  within  a  modaialt  eompaw^ 
a  clear  and  connected  riew  of  the  hiatorj  and  prodnetioni  of  Bnglifh  Litaratureb 
To  aceompliah  thii,  the  anthw  haa  followed  iti  eonne  from  the  eariicat  timea  to 
the  preatnt  agCb  aeiaing  apon  tho  mora  promiaant  "Schoola  of  Writing,"  traaiag 
their  caaaea  and  cfTecta^  and  adeeting  the  mora  cdehrated  anthora  aa  aaUacta  fbr 
brief  Uographieal  and  critical  aketcheab  aaaljaing  their  beat  woA%  and  thaa  pia- 
aentlng  to  the  atadent-a  definite  tIcw  of  the  dcTclopment  of  the  languM  and 
Uteratare,  with  auecinct  deacriptlona  of  thoac  hooka  and  men  of  which  no  cancalad 


pcreon  ahould  be  ignorant  fla  haa  thaa  not  only  anpplied  the  abknowlcdgai 
want  of  a  BMBual  on  thia  anljec^  bat  hy  the  Itrelineea  and  powar  of  hia  9ljU,  the 
thoroagh  knowledge  ha  diaplaya  nt  hia  topic,  and  the  rarie^  of  hIa  anltJceta,  he 
haa  sueeeeded  in  producing  a  moat  agreeable  reading-book,  which  wUl  opCifitt 
the  mind  of  the  aobolar,  and  relicTC  the  monotony  of  drier  atndica. 

ItoaMritalhadnoCaoviirtbefinttfaMlolaarB.  IhMeuaadttiirtwoyiHaMalail- 
book,  with  the  grmtMt  aitirtrtinn.  It  wee  a  h«my  eoneeptloii,  aitaaliably  exeeated.  Itii 
aU  that  a  tMit4ieek  en  aaeh  a  aal^M  eaa  er  aaed  be»  comyiMBg  a ittdUoaa  ■■liBMoa  el 
■attfriala,  MiilT  yet  eflbetlvalj  wRMght   Theanthor«tt«Bipt8jtuilaamadia»heoachtt% 

mmI  doM  w«II  all  that  he  attemptu ;  and  th«  heat  of  tha  book  is  tha  gariat  Mpirit^  tha  ganaina 
tore  of  ganiua  and  Ita  worka  which  thoronghhr  parradefl  It  and  makaa  It  Juat  what  yon  want 
to  pot  Into  a  pupil'i  handa.— iVi^ucor  J.  V.  Rojfmcndy  Univertitjf  qf  BoehesUr. 

Of  "  Shaw'i  English  Literature**  I  can  hardly  say  too  much  in  praiw.  I  hope  ita  adoption 
and  ujie  as  a  text-book  will  oorrcspoud  to  it«  great  merits.— i'rc/.  J.  C.  i\cfcard,  IIL  Oafitgt. 

BOLMAB'S  COMPLETE  FBENCH  SEBIES. 

Blancbard  and  Lea  now  publish  the  whole  of  Bolmar's  Educational  Works,  form- 
ing a  complete  series  fur  the  aoquisition  of  the  French  languaf^e,  as  follows: 

BOLMAR'S  EDITION  OF  LEVIZAC'S  THEORETICAL  AND  PRACTICAL 
GRAMMAR  OF  THE  FRENCH  LANGUAGE.  With  numerous  Corrections 
and  Improvements,  and  the  addition  of  a  complete  Treatise  on  the  Genders  of 
French  Nouns  and  the  Conjugation  of  the  French  Verbs,  Regular  and  Lrregn- 
lar.     Thirty-fifth  edition.     In  one  12mo.  volume,  leather.    $1.00. 

BOLMAR'S  COLLECTION  OF  COLLOQUIAL  PHRASES,  on  every  topio 
necessary  to  maintain  conversation;  arranged  under  different  heads;  with  nu- 
merous remarks  on  the  peculiar  pronunciation  and  use  of  various  words.  The 
whole  so  disposed  as  considerably  to  facilitate  the  acquisition  of  a  correct  pro- 
nunciation of  the  French.     In  one  18mo.  volume,  half  bound.    38  eta. 

BOLMAR'S  EDITION  OF  FENELON'S  AVENTURES  DB  lELEMAQUE. 
In  one  12mo.  volume,  half  bound.    55  cts. 

BOLMAR'S  KEY  TO  THE  FIRST  EIGHT  BOOKS  OF  TELEMAQUB.  for 
the  literal  and  free  translation  of  French  into  English.  In  one  12mo.  volume, 
half  bound.     55  cts. 

BOLMAR'S  SELECTION  OF  ONE  HUNDRED  OP  PERRIN'S  FABLES, 
accompanied  with  a  Key,  containing  the  text  and  a  literal  and  a  free  transla- 
tion, arranged  in  such  a  manner  as  to  point  out  the  difference  between  the 
French  and  the  English  idiom ;  also,  a  figured  pronunciation  of  the  French. 
The  whole  preceded  by  a  short  treatise  on  the  Sounds  of  the  French  language 
as  compared  with  those  of  English.     In  one  12mo.  volume,  half  bound.  75  cts. 

BOLMAR'S  BOOK  OF  FRENCH  VERB&,  wherein  the  Model  Verbs,  and  seve- 
ral  of  the  most  difllcult,  are  conjugated  Affirmatively,  Negatively,  Interroga- 
tively, anil  Negatively  and  Interrogatively,  containing  also  numerous  Notes 
and  Directions  on  the  Different  Conjugations,  not  to  be  found  in  any  other  book 
published  for  the  use  of  English  scholars :  to  which  is  added  a  complete  list  of 
all  the  Irregular  verbs.  In  one  12mo.  volume,  hulf  bound.  50  cts. 
The  long  and  extended  sale  with  which  thei^e  works  have  been  favoured,  and 

Che  eonsiantly  increasing  demand  wYixch  «iist«  for  them,  renders  nnneeeesaiy  any 
'^planatlon  or  recommendaliou  ot  V\i«\t  mmVa. 
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HERSCHELL'S    ASTRONOMY. 


OUTLINES    OF   ASTRONOMY. 

BY  SIR  JOHN  F.  W.  HERSCHEL,  Babt.,  F.R.S.,  Ac. 

A  New  American,  fVom  the  Fourth  nod  Rerited  London  Edition. 

In  one  handsome  crown  octaro  rolamo,  with  Plates  and  Wood-cuts.     $1.60. 

The  present  work  is  reprinted  from  the  lost  London  Edition,  which  wns  caro- 
Iblljr  revised  bj  the  author,  and  in  which  he  embodies  the  latest  invcdtigations  and 
discoveries.  It  maj  therefore  bo  regarded  as  fully  on  a  level  with  the  most  ad- 
ranced  state  of  the  science,  and  even  better  adapted  than  its  predecessors  as  a 
full  and  reliable  text-book  for  advanced  classes. 

A  few  commcndatorj  notices  are  subjoinedi  from  among  a  large  number  with 
which  the  publishers  have  been  favored. 

A  rich  mine  of  all  that  is  most  valuable  in  modem  Astronomy.— iVr/osor  />.  OlmtUod, 
TdUOalUffe. 

As  a  work  of  reference  and  study  for  the  more  edvaneed  pupils,  who  yet  are  not  prepared 
to  avail  themselves  of  the  hlgrfaer  mathematiea,  1  know  of  no  work  to  be  oompaxed  with 
It— /Vf»/.  A,  CUfweUy  Brtfwn  Unwnitjf,  R.  J. 

Tbis  treatise  is  too  well  known,  and  too  highly  sppreciated  In  the  sHentlflc  world,  to  need 
new  praise.  A  distingniithlng  merit  in  tbis,  as  In  the  other  productions  of  ihe  author,  U, 
that  the  langnafre  in  wliit*h  the  profuund  reasonini^  of  science  are  conveyed  is  k>  perspicuous 
that  the  writer's  meaning  can  nevw  be  misunderatood.— /Vq/*.  SamttA  Janet,  Jefermm 

I  know  no  treatise  on  Astronomy  comparable  to  **  UerKhers  Outlines.**  It  Is  admirably 
adapted  to  the  necessities  of  iho  student  We  have  adopted  It  as  a  textbook  in  our  Oot> 
lege.— iVo/  J.  F.  Crocker,  Maditon  Cultffft,  ite. 

As  far  as  I  am  able  to  Judge,  It  Is  the  best  work  of  Its  class  In  any  language. — Pro/.  Jama 
Curitji,  Georffdown  OMtgt. 

It  would  not  become  me  to  speak  of  the  srientlflc  merits  of  such  a  work  by  snch  an  author; 
but  I  may  be  allowed  to  say,  that  I  most  earnestly  wish  that  it  might  superrede  every  book 
nsod  as  a  text-book  on  Astronomy  In  all  our  InsUtntions,  except  pcrbapa  those  where  It  is 
studied  mathematioally.— iVq^.  N,  TOUnffhaM,  BridgrwaUr,  Hass. 


CHEMICAL    TEXT-BOOK    FOR     STUDENTS. 
N«w  EditioA,  nrv  ready.    (July,  1859.) 

E  L  E  H  E  N  T  A  RT' 0  H E  H 1 8  T  RT, 

THEORETICAL    AND    PRAOTIOAL. 
BY  GEORGE  FOWNES,  Ph.  D.,  Ao. 

With.    NnxneroTia    Illustrationn. 

From  iha  Beventli  Ijondon  Xdltlon. 

EDITED  BY  ROBERT  BRIDGES,  M.  D. 

In  one  large  royal  12mo.  volnme,  containing  600  pages,  clearly  printed  on  snail 
type,  with  197  DloBtrationi  on  Wood.     Cloth,  $1.50 ;  leather,  $1.05 

We  know  of  no  better  text-book,  especially  la  the  diScult  department  of  Organle  Chemistry, 
upon  which  it  is  particularly  ftill  and  satisfactory.  We  would  recommend  It  to  preceptors 
M  a  capital  '*  oSce-book"  for  their  students  who  are  beginners  In  Chemistry.  It  Is  oopfonsly 
Ulufitrated  with  excellent  wood^mts,  and  altogether  admirably  ''got  vp." — H.  J.  Jkdieai 
Heporter. 

A  standard  manual,  which  has  long  enjoyed  the  reputation  of  embodying  much  know* 
ledge  in  a  small  space.  The  author  has  achieved  the  diScult  task  of  oondensation  with 
masterly  tact  His  book  Is  condse  without  being  dry,  and  brief  without  being  too  dog 
matlcal  or  general. — Virginia  Medical  and  Smrgietd  JottniaL 

The  work  of  Dr.  Fownes  has  long  been  befbra  the  public,  and  Its  merits  have  been  ftolly 
apprvristed  as  the  best  textrbook  on  Chemistry  now  in  existence.    W*e  do  not,  of  course^ 

Elaee  it  in  a  rank  superior  to  the  works  of  Braude.  Grsbsm,  Turner,  Gregory,  or  Gmc!lii. 
ot  we  say  that,  as  a  work  for  students,  it  is  preferable  to  any  of  thtm.—Londom  Jourmd  ^ 
UtiUciM, 


IS 


BLAHCHASD  A  LSAni  PUBLICATiainL^j 


A  new  JJTO  OUMFUHB  CLMmaOML  ASXAl.-(AMtlMiij.) 

AN  ATLAS  OF  CLASSICAL  GEOGRAPHY. 

CoxBTmucTKD  BT  WILLIAH  HirOHUy  jlvd  sditbo  bt  QBOBGB  LONG. 

H  itk  a  ttketek  of  Aacteal  tieognipkirf  aad  otkar  A^AfttioM, 

BT  THX  AXBBIOAM  SDZTOB. 

Contaimimg  fifij-two  Colortd  Mapt  and  Plam$,  on  fwtiif||f-fifo  laryt  {mp€nal  fwmH 

Pimtm, 

BBAUnrVLLT  BVORATBD  OV  ITBBL,  IB  TVB  CLBABBiT  ABB  MOBT  PIBUBBD  BTTIA 

WITH  AN  INDKX  OF  PLACES. 
In  one  very  kandtame  voimme,  Mtrongly  kaff  bamnd,    ^8.00. 


LIST  OF 
1.  TnK  OBOORAPHT  OF  THB  AN. 
CIBNT8.-rTBB  World  accordibo  to 
HoMBB  (B.  0.  900).— Tbb  World  ac- 
cordibo TO  Hbcatabui  (aboat  b.c. 
600).— Tbb  Wobld  AoooRDiBa  to 
Hbbodotub  (Rboot  B.a  440)^— Tbb 
Wobld  aooobdibo  to  Dbboobitub 
(about  B.C.  800). —Tbb  World  ac- 
cording TO  Eratosthenes  and 
Strabo  (fVom  about  B.C.  200  to  a.d. 
20). — Western  Etropb  according 
TO  Strabo. — The  World  according 
TO  Ptolkmt  (about  a.d.  160). — India 

ACCORDING     to     PtOLEMT.  —  BRITAIN 
ACCORDING   TO   PtOLEMT. 

1.  THE  WORLD  AS  KNOWN  TO 
THE  ANCIENTS,  with  the  Bouw- 
dart  of  the  Persian  Empire  under 
Cyrus. 

8.  EMPIRE  OP  ALEXANDER  THE 
(4REAT|  with  the  adjoining  Re- 
gions. 

*.  THE  PROVINCES  OF  THE  RO- 
MAN EMPIRE  (A.D.  119). 

6.  BRITANNIA. 

6.  GALLIA. 

7.  HLSPANIA. 

8.  ITALIA  (Northern  Part). 

9.  ITALIA  (Southern  Part).— Cor- 
sica AND  Sardinia. 

10.  PLAN  OP  ROME. 

11.  TUB  ROMAN  TERRITORY  and 

THE     NEIOHBORING     COUMTBT,    OD     AQ 

enlarfred  scale. 

12.  SICILIA. 

13.  8YRACUS-S.— THE  BAT  OF  NA- 
PLES  AND  ADJACENT  PaRT  OP  CaM- 


PLATES. 
PARI  A. — Tbb  two  Ports  or  Bbob- 

D08IDV. 

14  2f  ACBDONIA,  THBACIA,  ILLT- 

RICUM,  ABD  TBB  PboTIBOBB  OB  TBB 
MlDDLB  ABD  LOWBB  DaBUBB. 

Ift.  QRABOIA,  IHOLUDING  BPIRtJS 
AND  THB88ALIA,  WITH  PARI 
OF  MACEDONIA. 

16.  PART  OF  ATTICA.  WITH  BOEO- 
TIA,  PH0CI8,  LOCRIS,  MEGARIS, 
etc.,  on  an  enlarged  scale. 

17.  PLAN  OF  ATHENS.  — ATHENS 
AND  ITS  HARBORS. 

18.  PELOPONNESUS,  with  Attica 
AND  Part  of  Boeotia. 

19.  THE  COASTS  AND  ISLANDS  OF 
THB  AEGEAN  SEA. 

20.  ASIA  MINOR  AND  THE  NORTH- 
ERN  PART  OF  SYRIA. 

21.  PALAESTINA,  WITH  PART  OF 
SYRIA. — Plan  of  Jerusalem. 

22.  ASSYRIA  AND  THE  ADJACENT 
COUNTRIES. 

23.  MAURITANIA,  NUMIDIA,  AND 
AFRICA. — The  African  Coast  prom 
THE  Syrtis  Minor  to  Egypt.  —  En- 
larged Plan  or  the  Carthaginian 
Territory. 

24.  ARABIA  PETRAEA  AND  PART 
OF  EGYPT,  including  the  Delta. 

25.  GERMANIA  MAGNA,  with  the 
Provinces  op  the  Upper  Danube. 

26.  Troja.  —  Thermopylae.  —  Mara- 
thon. —  Plataea.  —  Mantinea.  — 
Leuctra. — Route  op  Xknophon. — 
Granicus — Issus. — Arbela. — Thra 
ciAN  Bosporus. — Alexandria. 


It  will  be  observed  that,  in  addition  to  a  very  thorough  series  of  maps  of  nil 
the  countries  known  to  the  ancients,  the  Atlas  contains  a  large  number  of  t^ipo- 
grapbical  plans,  on  an  enlarged  scale,  of  important  places,  elucidating  in  many 
ways  passages  in  the  classical  writers.  In  this  manner  it  is  believed  that  much 
Rssiiitance  will  bo  rendered  to  the  student  who  desires  to  obtain  a  clear  ccmpre- 
hODsion  of  ancient  history. 


